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ABSTRACT

Eric J Solddileews kne Course of Changes in Neur

fol l owi ngo@deagi ne L
(Under the Direction of Eric D.

The purposes of the present studyevi® determine the effect of Creatine (Cr) supplementation
on 1) voluntary isometric and isokinetic strength and 2) active and paasiye of motion

(ROM) during loading andhe subsequent washopériod Thesecondary purpose was to
address any poss$#underlyingneuromusculamechanisms that might influence these changes.
Using a doublélinded, placebaontrolled, matchegaired, randomized design, 40 males were
assigned t@ Cr (n=20, age: 20.3 + 2.1rg,) or aplacebaogroup PI; 20.4 + 2.3 yrsgroup.
Participants supplemented four times daily for five days with 5g Cr + 20g dextrose or 20g
dextrose.Testing was conducted prior to supplementation, during the loading phase (days 2, 4 &
6), and during the washout periathy 20 & 35). Muscularstrengthwas examined with a
maximal isometric and isokineti8@, 90 & 120°-set) muscle actiorof the plantar flexors on a
calibrated isokinetidynamometerMuscle activation was determinbgl examining percent
voluntary activation%VA) andnormalizedelectromyographicEMG) amplitudes. Rassive

ROM, common and relativpassivestiffnessvaluesweredeterminedrom a slow passive ROM
assessmermn a dynamometerActive ROM wasdetermined as the maximadrsiflexion
possibleTotal body water, extracellat waer, and intracellular water weneeasuredvith
Bioimpedance Spectroscopfanoramic ultrasound imaging was used to address architectural
changes imusclecross sectional area, pennation angtel fascicle lengtiResting evoked

twitch properties wre performed to examine -@rduced changes i@a? kinetics Magnetic

R



resonance spectroscofRS)was used to evaluate Cr uptake by the musckesubsedf

participants (Cr = 4; P+ 4). Mass and fluid distribution for the Cr group did not signifitan
(PO0.11) differ from the Pl group over the cou
interactions for all strength measur@®©(0 . 3 &clive and passive ROMPOO . 15), or any
the possible underlying mechanisR»(.05). There were no changesGr storegP>0.05)

Overall, the results of this study suggest that Cr supplementation alone does not influence
neuromuscular functioar any of the underlying factors that could improve strength or limit

ROM.
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CHAPTER |

INTRODUCTION

PhysiologicalRole of Creatine

Creatine (Cr) is one of the most popular ergogenic aideemarket.Its popularity
could be contributed to the large number of studies demonstrating its positive influence on high
intensity exercisperformanceg® Cris anaturaly occurringorganic compoundsually
consumed in the diets it is foundn meat and fishCr is dso synthesized in the liver and
pancreagrom theamino acids glycine, arginine, and methioniffe The majority of Cr (95%)
is stored in skeletal muschjth the remaining 5% found in thes&rt, brain and teste€r is
primarily (~60%) found bound to inorganic phosphate in the forphasphocreatin@ Cr)with
theremainingd0%stored ashefreeformof Cr . Cr 6 s r owasfirsidiscoveredtbm b ol i s
Hutlman et af® whoidentified Crand its ability tore-phosphorylat@adenosine diphosphate
(ADP) to adensine triphosphatéATP) via the creatine kinase reactiol.was not until 1992
when Harris et &f demonstrated Cr supplementatimuldincrease muscle Cr staréoth as
PCr and free form CrSince this ground breaking stydyr researcltmasfurther evaluatethe

possible implicatioaof Cr supplementatioas an erggenicaid.

Dietarysupplementatiowith Cr has been shown to incred3€rstores in muscle,
increasing the cells ability to4qghosphorylate ATP?**%* Previous authors have suggested that
Cr may havamary otherpositivefunctiorsinside the cell which malgeinfluenced by Cr

supplementationFor exampleCr along with PCr act as a buffer by shuttling ATP from inside



the mitochondria to the cytosBiand during times of low pHPCr and ADP buffehydrogen
ions (H") by the formation of Cr and AT¥ Cr may also havadditionalmetabolic effectsiue
to its potential involvmernin regulating glycolysi§! For example,dw levels of Cr promotéhe
release obxidativeenzymes tht in turnincreag glycolysis. Cr may also indirectly increase
protein synthesisAn increase in Cr concentratiotisough thébreakdown of PCr t&r durirg
muscle contractions has been showstimulateprotein synthesid’ Swelling of muscle cells
has also been suggested to increasteim synthesi&® SinceCr ha known osmotic properties
and results in the celfulling waterfrom the extracellular fluighto the cellscausing thento
swell? it is likely thismay lead indirectly tincreases iprotein synthesisLastly, Cr in the
form of PCr acts as a membrane stabilizer by binding to the phosphudigds thus not
allowing for the cytoplasmic contents to dissipate through the cell wall which could lead to

increase in cell siz&.
The influence ofcreatine supplementation on muscle creatine stores

Traditionally, Cr is filoadedd by conasuming
maintenanceloseof 3-5 g per day?**'®®” The fl oadi ngdo of Cr in the
rapidly satirate muscle cells with Gf. In the classic study by Harris et*alCr stores increase
in as little as two dayduringloading and by the fifth dayad increased by more th&9©%
from pre values The maintenance dosage was determinedidgman et & who compared a
loading period followed by eithéhe cessation of Cr supplementationtano grans for the next
28 days.They observed a steady decline in Cr stores following cessation, but Cr levels remained
elevate through 35 days with the two grasaydosage. Cr may also be taken without loading
(2-5 g-day") but in order to saturate timeuscleit may take up to 14 day8 The results of these

studies suggest tha@r stores can be rapidly incredgg0-40%)%*48638788 qyring the



traditional Crloadingperiodor graduallyincreasedvith lower dosage®® andonce saturated

Cr stores can be maintained wigh5 g-day™.

The influence of creatine supplementationon performance

The mostommonlysupplementeéorm of Cr isCr monohydrateconsumed by variety
of athletes ranging from high school football players to professional track affifét&é A
recent review has suggested that the prevalence of Cr usage is greatest in elite power lifters and
high school and dlege-aged football player<r supplementation improgenaximal

64558 yertical jump height® sports specific skills*® running capacity®’’ training

strengt
volume® and delag fatigue®¥°®%° The perfemance enhancing effects of @ary dependinghe
type of performance (strength vs endurara®)if trainingis coupled withsupplementation

The majority of the researthexaminingthe effecs of Cr supplementatioon performance
include supplementation protoctésing betweerb-28 dayd®*2487089197 3ndis oftencombired
with training. Theseincreassin performance ha beenattributedto the ergogenic effects of Cr
and overall greater training volum® In theory if a more readily avadble energy source is
presentthis will allow for greater training loahnd volums; which may subsequently improve
performance.For example, a metanalysis by Brancht al® hasindicated Cr supplementation
improves work capacity (ES: 0.29), force output (0.293%M strength(0.32), poweoutput

(0.20) and sprit times (0.36).However, it is important to note that fewer studies have examined

Cr supplementatn without trainingCr supplementation alone has demonstrated improvements

in 1—RM22'33'100'108110, é,39,55,90 %4,70,72,103

isokineti and isometri strength, sprint time¥:* vertical
jump height® andpower'®. However, future work is needéo fully understanthe potential

changes in neuromuscular function that may occur following Cr supplementation.



The influence of creatine supplementatioron neuromuscular function

Fewer studies have examined the influence of Cr supplementatioeuromuscular
functior?>>2%51% without training Collectively, the body of literature hesported that Cr
loading does not improve voluntary isometric strength of the bicep hfaehi>*

plantarflexors” or leg flexors’*®

except for thVledeiroset al? who observed a 7% inease in

leg extension strengtilThediscrepancy between the changesometric strengtimay be

explairedin the differentmuscleseingtested as lager muscles have been shown to respond
better to Cr supplementationainly dueto their larger mass and demand for&rCr
supplementation does however appear to enhance isokinetic strength at fast velocities (180 and
240°/sec)>**® Previous authors have suggested that improvements in voluntary strength
following Cr supplementation may be due to (1) increases in muscle activation, (2) increases in
intracelular water(ICW) content which majncrease muscle siZ& potentialy stimulatng

protein synthesj&?and/or alteing pennation angk> and (3) C4' kineticsthatmay improve as

Cr buffersADP allowing for C&*-ATPase to improve actimyosinunbinding>*®* C&*
sensitivitymay also improve witanincreasen ICW as itrequiredessCa " to produce the same

force in a reduced ion environméftCa* kineticscan be indirectly evaluated during evoked

twitch properties (peak twitch torque and hafaxation time).

Muscle activation has been reported to be improved @ngupplementatioasMederios
et al "> observedy anincreasen surfaceEMG amplitudeof the leg extensors following Cr
loading However although they attributed the increasdEMG amplitude to an improved

neural drivetheydid not provide any details regarding itheormalization procedure®n the



contrary otherstudies?'®* have indicated Cr loading does not improve percent voluntary
activation, but may improveonduction velocit}’* through recruiting faster motor neurons or
facilitating the uptake of neurotramitters’ Bazzucchi et al.previouslydemonstratethat five
days of Cr loading improved the torgaagular velocitycurve,mean fiber conduction velocity at
all angular velocities, electrically induced peak twitch force, and the time to reach peak twitch
force. However,Smith-Ryan et a° reported na@hanges ipeak torque (PT), peak rate of torque
development (PRTD) and half relaxation time (HRAlowing five days of supplementation
women Bazzuchi et al.speculatedhat the change in neuromuscular function atter
supplementatiomascontributed tdhe increased cross bridge cyclirage. It is possiblethat

more readily available ATP, mainly due to #rehancedCr energy system, increases thé'Ca
ATPase pump therefore increasing cycling ratd$.These changes magsult inafaster
detaclment of actomyosin bridges increasing the capacity to produce force raphiyresults
are still inondusive since othestudies**>*** havefound no significant changesisometric
strength relaxaton time or rate of force development. It is speculated tBat* kinetics maybe
dependent otheload and type of stimuld§ thusin anisometric contractionwherecross

bridge cycing rateis not a limiting factor, may not be affect&dThis would explain why
Bazzucchi et af observed improvements in isokinetic strengptidl not isometric strength
following Cr loading.Additional mechanisms for Cr inducéttreassin performancenay be
theincreaseén muscle sie'®?and architectural chang&sFor exampleTerjung et

speculated h a t suippldmentation was enlage musclezolume and this in turn could
some manner alter the force/powdevelopmentthere could be a real enhancement in muscle
per f or dakobietal aso suggests that with therease in cell sizom swelling

pennation angkecould be alteredndpotentiallyimprove force production.These findings



highlight the need for future studies to further evaluate the influence of Cr loading on

neuromuscular function.
The influence of creatine supplementation on range of motion and stiffness

Even less research has addressed the effect of @ndpan the extensibility of muscle.
The only study to date that has examined the influence ofa@irig on flexibility is arecent
paper bySculthorpe et a* Theyaddresse€r loadingon active range of math and concluded
that Cr loadingdimits range of motion during shoulder extension and abduction and ankle
dorsiflexion movements The authorsttributed the decreases in fleikity to increases cell
size as a resuttf anincrease inntracellular water (ICW) contenTheauthors speculate that the
increase in cell sizemay have led to increases in muscle stiffness and/or alterezenspendle
neural outflow.In theory, #eredmuscle spindles wodlresult in the stretch reflex being
initiated earlier in the range of motiamd potentidy decreas maximumrange of motion Cr
has the potential to bring water into the cell via its osmotic properties and restrain cytoplasm in
the cell due to the memdme stabilization of PCThis increase in cell size is commoniypught
to reflect theincrease in body mass {13 kg) seen durin@r loading®” This increase in body
mass is most likelgueto the Cr induced changes in totaldywater (TBW). The majority of

literatu ré8,56,57,86,97,112,114

attributes theincrease in TBW tancreases in intracellular water (ICW)
credited to Cr pulling water into the cell. Another possible explanation attributes the weight gain
to an increase in dry matter growtti* In theory, increases in muscle cell volume from

increases in ICW or dry matter would result in a change in muscle viscosity and/or stifmsss.

a 3536

was previouslhpsuggested by Graetk who noted that any increase in osmotic pressures

will lead to increases in viscosity and stiffneBlus, it is possible that if Cr supplementation



alters ICW, there wuld be an increase in passive stiffness whiely lead to a decreased range

of motion and increased risk of soft tissue injtiy

We areaware of only one study that has examineanges in stiffnes®llowing Cr
loading. Watsford et &' measuredactive stiffness usinthe oscillation technique with loads
ranging from 56200% of body weight, and found no sigo#nt increases in stiffness. This could
be due to the variability of how the oscillation technique is performed and/or the stiffness
contributed to muscle cell volume does not play a role in active stiffness. Recent%thdies
employed techniques utilizing powered dynamometers and surface electromyographic measures
to examine passive stiffness and maximal passive range of nigt@v). EMG onset (point of
which muscle activity becomes detachable during a passieh}! is believed to indicate
muscle spindle activity in respongeexcessive stretch or loadf the stretch reflex is altered
dueto increassin muscle sizes speculated by Sculthorpe etZt,is possibleEMG onsemay
occur earlier during a passive ROM assessment follo@mgading. Overall, @ssive stiffess
and passive ROM have not been evaluated after Cr loading. The limited research addressing
changes iviscosity and stiffness does radtow for a conclusion to be made if the osmotic
properties of Cinfluence ROM and stiffness-urthermoreSculthope et al®? and Watsford et
al "' failed todetermine if changes in fluid distributi@etuallyoccuredand if these changes
may account for the alterations in ROM and/or stiffneBecent studies have demonstrated that
bioelectrical impedancepectroscopyBIS) is a valid assessment total body water (TBWand
extracellular watef®®%® (r= 0.80-.97) and can be used to examine changes in fluid distribution
during Cr supplementatiol? To further evaluate the possibleanges in muscle cell size as a
result of Cr supplementatipnorrinvasive diagnostic tools havbeenutilized. For example,

using magnetic resonance imaging (MRYI), Ziegenfuss &f eéportel muscle volume increased



after justthreedays of Cr loadingnd attributed these changestancrease in TBW.
Ultrasacographyhas been reported to be a valid and reliable measure of muscfe $iass,
ultrasound measurements may offer a unique alternative to MRI techniques to examine the

changes in muscle size during €Lipplementation

Time Course

%42 and when

Research would indicate when the muscle iy fsdituratedvith C
performanceés improved>>®* mayoccur atdifferent time pointsFor exampleHarris et al*?
demonstrated thainly two days of Cr loadingzas needed to increase Cr stores by 20% and
improve maximaleg extension torque productiadowever,Eckerson et & and Law et af®
demonstrated that twatays of loading did not improve anaerobic work capacity or anaerobic
power and bek squat strength, respectivelizaw et af° reported that &ive day loading scheme
was necessary to enhance strength and poii@nbis et aP° reported increasén muscle
performance (isokineticontractions) just &ér five days of Cr supplementatiomhis would
imply that the mechanissithat are responsible for timaprovemetsin performance may have
an adaptation periodThere may be a differené®m the time thaCr is introduced into the
system and saturates the cellsvttenimprovements in neuromuscular function are observed
Future research is need to simultaneousinene changes imuscle Cr concentratigand
neuromuscular functiofraditionally Cr concentrations are measuusthginvasive muscle
biopsies®™***#1%7 A potential norinvasivetechniques proton magnetic resonance spectroscopy

(MRS)'®>which has demonstrated to bevalid and reliabl@ssessment of total Cr content in

skeletal musclé?



Another aspecthat has nobeenfully addresseds the washouperiod, it has yet tbe
determined if theffects d Cr are permanerdr have a esidual effect that gradually declines
afterCr supplementation is discontinue@io date, there has been limitegsearch that has
evaluated changes in performanceasbed during the washout perigt®® which would
provideinsight into the possible mechanisms affected byl provide praatal dosing
strategies for practitioneend athletesThe fundamental study for the majority of fiterature
that addressethe washouiperiodis by Hultman et af® who loaded with Cr fosix days then
ceaseasupplementatioand trackkedmuscle Cr levels fo85 days Muscletotd Cr
concentratios (both PCr and free Cryeremeasureavith musclebiopsiesof the vastusateralis
prior to Cr loading,immediately followingloading(day 7), at day 21 and 35.otal Cr
concentration was elevated following the loading period but thestuglly declined until day 35
whenCr levels were no different than pre supplementation valdasther studythat examined
Cr content irskeletalmuscle wady Rawson et & who examinedPCr levelsn muscleusing
phosphatg¢31P) magnetic resonance spectroscppyr to and following a five day loadirgnd
following a 30 day washout period. A 45% increase in PCr stores was observed following Cr
loading, and aér the 30 day washout peri&Cr levels remained 23% above pre
supplementation levels. Thiscrepanciebetweerthese studiemayte related to théype of Cr
storesexaminedFor exampleHultmanet af® measured both PCr and free @ndit appeared in
their tables that free Cr was returning to baselinéP@rtremained elevated even up to day 35.
This would then be in line with Rawson et’avho indicatecthat PCr will remain elevated

following Cr loading.

To date minimal research has addressed the washout period and it implication on

performance. FoexampleFebbraio et al’ examined oneninuteintemittent cycling



performance following Cr loadgand a 28 day washout periodespite increases in

intramuscular creatine storgdlowing Cr loading supplementation had no influence on
performance at either time pointhis study found that after 28 ykatotal Cr levels returned to
normal, but failedo shed any light on the washaiftect onperformancesinceloading was

insufficient at incrasingperformanceMost research only addresses Cr loading and fails to
monitor the time course effects thati@ay have, thus if the possible underlying mechanisms are
affected we do not know if the results are permanent or if they gradually diminish as Cr is slowly
returns to baseline valueBhus, he effects of Cr loadingn neuromuscular function and the

possble implication withthe cessation of supplementing (washout) was&nther

investigation.

Statement of purpose

Although Cr is one of the most studied supplements to date, some of the fundamental
guestionn how Cr influence performancere still ¢t unanswered.The underlying
mechanismghatare believed to beesponsible fothe increasein performancéiave failed to be
determined byhe literature The currat literature only speculat€x6 sffect on neuromuscular
functon, ROM and stiffnesOne common implication is the ide&an increase fluid retention
and swelling of cellsYet the majority of the research faits measure water distributi@nd
muscle Cr content Therefore, the purpose of tretudy wago determine theffects of Cr
supplementatioon muscular strengtatndROM during and following a traditional loading

periodand subsequent washout.
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Specific Aims

Specific Aim 1:To determine the effect of Cr supplementation on voluntary isometric and

isokinetic strength during a ttd@ional loading period and the subsequent washout.

We hypothesize that isokinetic strength at the fastest velocity (180%i increase after five

full days of Cr loading then return to baseline by thB @8y. The increase in isokinetic strength
will be accompanied by a decrease in evoked twitchridikation timenone of the other
variableswill differ from that of those observed by the control group and will remain the same

throughout the washout period.

Specific Aim 2:To determine the effestof Cr supplementation on active and passive ROM

during a traditional loading period and the subsequent washout.

We hypothesize that active ROM will be reduced followfivg days of Cr supplementation and
return to baseline by the 38lay. These chaeg will be accompanied by an increase in TBW,
ECW and ICW and subsequent increase in muscle size, however, passive ROM, stiffness, and
the onset of EMG activity will not differ from that of those observed by the control group and

will remain the same thrgiout the washout period
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CHAPTER Il

REVIEW OF THE LITERATURE

This review of the literature is n@nall-inclusivelist of studies examining Cr
supplementation on physiological functidmt ratherhighlightsthe currentiteratureexamining
Cr supplenentation(without training)on neuromusculafunction. This review will focus on
studies that have specifically used tivéch interpolation techniqyeesting evoked twitches
isokinetic and isometric testingndmeasures of ROM and stiffneas it perains to Cr
supplementationin addition, key articles describing the physiological role of Cr
supplementation are included. Lastly, a table is provided in the appendix that includes studies

that are most relevant to the current research questions.
The influence of Cr supplementation onneuromuscular function
Bazzucchi I, Felici F, and Sacchetti M (2009)

The purpose of this study was to evaluate the effects of short term Cr supplementation on
muscle contractile properties, the fonegocity relationsip and muscle fiber conduction
velocity. Sixteen moderately trained males (25 + 5 yrs) were either givero@hydrat€n=38)
or maltodextrin (5 days, 20 g/daylsometric MVC, max twitch force, isokinetic contractions
(15, 30, 60, 90, 120, 180, & 240%sand fatigue of the elbow flexovgeremeasured prior to
and following supplementation. Tests were conducted on an isokinetic dynamometer with the
elbow axis of rotation aligned with the center or the lever arm. Force was measured from a load

cell straped to the wrist. EMG of the biceps brachii was recorded to evaluate conduction
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velocity via the crossorrelation techniqueThe fatigung protocol consisted of fiveets of 30
isokinetic(180 °-§") contractions Following supplementation twitch pe&rque increased, and
time to peak torque decreas&®(.05). Isokinetic peak torque was significantly increased at
180 and 240 °-5(P<0.05) from pre to post. Conduction velocity was increased following
supplementation at akelocities(P<0.05).Therewas no difference betwegme and pogpeak

torque values during tHatiguing protocolThe authors concludeghat Cr supplementation
improves neuromuscular function of the elbow flexors as an increase in torque was observed at
higher velocities. They ggulated that the increase in performanaenssult of improvement in

C&" kinetics which is contributed to tliecrease iravailableATP. They also demonstrated that

Cr may have a neurologicelfect that needs further studurprisingly the study didot

observe differences in any of the fatigue measures, the authors hypatieisihe factors that

are positivelyinfluenced by Csupplementation are not the same as the ones negatively affected

by fatigue
Bembem MG Tuttle, TD, Bembem DAand Knehans AW (2001)

The purpose of this study wasawaminethe effect of Cisupplementatioon the force
time curve ofanisometric contraction of different muscles. Nineteen healthy sedentary males
consumed 20g of either Cr monohydr@tell) or corn starcmE8) for fivedaysfollowed by a
maintenance dose of figgams for fivedays. All testing was done on sometric testing cage.
Elbow flexion and extension were conducted atd@®Rexion with the palm supinated for
flexion and pronated for extensioKnee extension and flexion wperformedat 90° of knee
flexion. A load cell was appropriately placed on the wrist or ankle to measure force output. Three
MVCsat each joint were held foihree sec with onmin rest between each contraction.

Following theisometric MVC an endurance task consistingldfisometricMVCs with two sec
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rest were performed\ll isometric tests were completed on the same muscle group before
moving on to the next. e force time curve for each contraction was analyaetktermne
maximal force (MF), maximal rate of force development (MRFD), time to max force (TMF),
impulse of max force (IMF), total impulse (TI) and from the endurance tasks they calculated
percent force decrement. No significant differe(fee 0.05)between groupwas found for MF
(pre: 246, post 232NJTMF, andMRFD (pre: 782, post 853 N3. For the endurance taskere
wasno significant difference for Tl and PFD. There was a time effect found for both groups as
both groups improved from day oteday 10.The authorof this study concludethat Cr
supplementation alone does not bring about any chamggsmetric force production after 10
days of supplementation. They belidibat the positive effects of Gupplementatiocan be
attributedto its ability to increase work capacity and must be paired with weight training to

maximize the effects.
Deutekom M, Beltman JGM, de Ruiter CJ, de Koning JJ, and de Haa(2800)

The purpose of this study was three fold, the first objective was to determine ieshort t
Cr loading effects power output during whole body performance; the second objective was to
investigate the effect of Cr loading evoked peak torque and rate of torque development, and the
third objective was to address the influence of Cr loading ayuatluring electrically
stimulated contractions of the quadriceps. Well trained rowers were given five grams of either
maltodextrine (n=12) or Cr monohydrate (n=11) four times a day for six days. Testing was
conducted prior to and following the supplenation period. Evoked twitch properties were
conducted using surface electrodes placed on the quadriceps and were stimulated until 30% of
the force generated during a maximal isometric contraction was reached. Isometric contractions

were conducted usingfarce transducer strapped to the leg with the knee flexed to 90°. Five
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maximal contractions were performed followed by the electrical stimulus at 10, 20, 50, 100, 150
& 200 Hz. The sequence of the stimulus was randomly ordered and one min of restenas gi
between each contraction. For total body fatigue two 30s sprints on a cycle ergometer was used
to determine power output. Cr loading demonstrated no effect on maximal contractions (pre:
305, post 298 Nm), muscle activation, or power output duringyttie ergometer fatiguing task.

The authors concluded that Cr supplementation did not significantly affect torque production or

the rate of torque production and fatigue or recovery from fatigue.
Greenhaff PL, Casey A, Short AH, Harris R, Soderlund Knc&iHutiman E (1993)

The purpose of this study was to examine the effect of Cr supplementation on torque
production during repeated bouts of maximal isokinetic contraction. Twelve college students (9
males, 3 females) consumed 20g (5 x 4 serving) peratdivé days of either glucose (n=6) or
Cr monohydrate (n=6). Participants reported to the lab on a two occasions for initial testing and
following the five days of supplementation. Testing included five sets of 30 maximal voluntary
leg extensions at anstant angular velocity of 18es* with a minute rest between each set.

Blood draws were also taken before testing, after the warm up, between each set, immediately
post, and two, five, and 10 minutes post exercise. At baseline both groups werersipaé

torque production and both had a similar decline in toque production during the repeated
isokinetic muscle actions. There was no differeftce 0.05) in the decline (~50%) between pre
and post supplementation with the placebo group; howevgattieipants that supplemented

with Cr maintained higher levels of torque across all five sets post supplementation. The Cr
group generated significantly more torque during the sed®rd)001) and thirdR < 0.05)

exercise bouts than the placebo grolipere was no difference in blood lactate levels after

exercise between groups, or pre and post supplementation, but the Cr group had less ammonia
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accumulation post supplementation. The authors speculated that the low amount of ammonia
acumination and #amuscles ability to maintain higher levels of peak torque was the result of
more available Cr due to supplementation and its ability to phosphorylate ATP via the PCr cycle.
In conclusion Cr supplementation did not improve peak torque production buiraided

maintaining torque levels through a fatiguing task.
Hamilton KL, Meyers MC, Skelly WA, and Marley R2000)

The purpose of this study was to investigate the influence of Cr on upper body strength
and fatigue in women who patrticipate in overhead spéigsnales were given either 25 g of Cr
monohydrate (n=11) or a placebo (n=13) for seven days. All testing was conducted prior to and
following supplementation. All participants performed elbow flexion and shoulder internal
rotation on a powered isokinedynamometer. For elbow flexion the following tests were
performed: concentric and eccentric isokinetic flexion at 9§ &s isotonic 1RM, and a
fatiguing protocol which consisted of performing as many repetitions to failure at 70% of 1RM.
For shoudler internal rotation an isotonic 1RM, one isotonic max velocity test at 25% of 1RM,
and the fatiguing protocol were performed. Two min of rest was given between all tests. The
isokinetic testing of the elbow flexors yielded no significant change imegccéPre: 62, Post 64
Nm) or concentric (Pre: 4, Post: 46Nm) torque values following supplementation. Reps to
fatigue for the elbows flexors was significant increaged(05, 1216 reps) from pre to post
supplementation in the Cr group. There werasigaificant changes in 1RM or reps to fatigie (
< 0.05) for the internal rotators. The results of this study determined that only isotonic work to
fatigue was improved with Cr supplementation. None of the other variables measured showed
significant chages from pre to post supplementation or differed from the placebo. In conclusion

the authors determined that short term Cr supplementation with no formal training does not
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improve upper extremity strength measurements, thus explosive overhead athlates may
benefit from Cr supplementation alone. The

larger had supplementation Inggart of a training program.

Jakobi JM, Rice CL, Curtin SV, and Marsh CR000)

The purpose of this investigation was téedmine if short term Cr supplementation
would alter the neuromuscularsponse prior to and followingfatiguingtask. Fourteen young
males (22 + 3 yrs) were either giveither 20 grams dEr monohydratg€n=7) or maltodextrin
for 5 days. Prior to anebflowing supplementatigmparticipans performed twitch interpolation
technique that consisted ah isometric contraction of the elbow flexors (90° of elbow flexion)
with asuperimposed twitctipllowed by resting twitches. rlr to and following a faguing
task tetanic twitcles were administereat 50Hz. Thdatiguing task consisted of repeatsalits
of six seondisometric contractions at 50 % maximum force produciwth four seondsof
rest until 50%of maximum force could no longer be achievdébrceoutputwas measured via a
strain gauge that was tethered to the flmad attached to the wrisEromthe twitch
interpolation technique, perceattivation, peak torque, time to peak torque, half relaxation time,
EMG amplitude, contraction durah where calculatedTetanic tension and tetanic relaxation
time were calculatedrior to and following the fatiguing taskTime to fatigue was also
measured as thenie at which 50% of maximum force could not be achievidee Cr group was
not signifiantly different fromthe placebo group at any measure pre or post supplementation
There wasa 44% reduction in pedkrceduring the fatiguing tas®<0.05)combining the
groups Following the fatigue protocol, there was a 10% decrease in muscleiactiaad an
increase in relaxation tima the resting twitche®r bothgroups(P<0.05). The results of this

study indicate that Cr supplementation does not aledimumstrength aneévoked twitch
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properties followinga fatiguingbout of exercise Theauthorsspeculateghat muscle metabolism
and muscle force are independent of each othesu@slementation positively influenctése

metabolic propertiesf muscle but may not influence the mechanical properties.
Kambis KW and Pizzedaz SR003)

The pupose of this study was to investigate the effect of Cr supplementation on power
and torque output of the quadriceps. Twemtyg healthy college aged women were matched
according to diet, menstrual phase and exercise history then giverk@:Daglay ofeither a Cr
monohydrate or a placebo. The supplement was consumed in four equal servings per day for
five days. Participants completed all testing prior to and following supplementation.
Participants completed five consecutive maximal isokinetic mastiens of the leg extensors
and flexors at 60-s*. Participants then rested five minutes before completing 50 maximal
contractions at 189s*. During the isokinetic testing, power output and time to peak torque
were examined. There was as an ingega power output across the 50 isokinetic contractions
at 180°-s*for both flexion (6.0 W) and extension (9.1 Wx(0.05) following Cr
supplementation. Time to peak torque for leg extension decreased 2.2ms following Cr
supplementationR< 0.05). Inthe placebo group, there were no changes in any measure during
the 50 contractions pre to post. There was no difference in any of the measures’at 60
between groups or pre or post supplementatf®.05). In conclusion, Cr supplementation
improvesmuscle performance in women at faster velocities of leg extension but does not
influence muscle performance during low velocity isokinetic muscle actions. The authors
contribute these differences to the recruitment pattern of muscles at high veloaittgsh fast
twitch fibers are recruiter more thus type Il fibers, which rely heavily on the PCr systems, would

more likely benefit from supplementation.
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Law YLL, Ong WS, GillianYap TL, Lim SCJ, and Von Chia (2009)

This study was included in the literagureview based of the fact that it is the only study
to date the addresses different days within the Cr loading period on mdsoctan, however,
the Cr supplementation was coupled vétghtresistancexercise®n day one and four The
purpose othis study was to address the effect of two and five days for Cr loading on muscular
strength and anaerobic performance. Participants either consumed 20 g of Cr (n=8) or a placebo
(n=9) for five days. Oneepetitionmaxmum (1RM)bench press and squexteciseswere
conducted with the ascending weights on a smith machine working ufRibla Power was
determined from a 30s Wingate anaerobic power test. All testing was conducted prior to and
following two and five days of supplementation. There m@asnprovement in strengtiPe0.05)
or power P>0.05) after two days of supplementing. Theeshowever a significant increase in
the 1RM squatstrengthfollowing five days of supplementatioR€0.05). Average power also
improved following five daysK<0.05)of Cr use. The authors concluded that it takes at least
five days for Cr to influence measures of strength and power. The improvements in performance
seen with Cr supplementation may take longer to manifest then it takes Cr to enter the cell. This
researh indicates there may be a saturation level that must be reached to improve performance

or that there must be is a delay in Cr uptake by the cells to when it improves cellular function.
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Medeiros RJD, Santos AAd, Ferreira AJCD, et al. (2010)

The purpose dhis study was texaminethe effect of Cr loading on maximal isometric
strength and EMG amplitude in womenhwenty seven women (232 years) consurmigaer 20
grams ofCr monohydrat€n=13) or maltodextriin=14) for 6 days Isometricleg extension
strength was tested 420° ofleg extensiorof thedominate legisinga powered dynamometer
with EMG electrodes placed on the vastus lateralis. Three maisiomaétricknee extensions
were performed for sigseondswith 180 seondsrest between trials. Feach trial peaktorque
and max EMG amplitude were analyzed as well as the mean of the threeQaalparisons
were done beteen pre and post measures of isometric streargiihoot mean squarededMG
amplitude. A significant increas€P= 0.002)in isomeric strengthfrom pre to pos{~7.85%)
was found with Cr supplementation but not the placébe significant increase in isometric
strength of the participants who supplemented witlv& accompanied bysignificant P=
0.026)increase in EMG amplitude ~ 1 5 €I'hé)authors conclude that Qupplementation
alone does have the ability to increase isoimétrce production, and this was accompanied by
an increase in EMG amplitude. The authors acknowledge that increase in EMG does not
necessarily coincideith an increase in strength. The authors attribute the increase in EMG
amplitude to an increase in recruitment of motor units and/or firing frequency, but failed to
normalize or provide any mechanisms behind the increases in EMG amplitude and torque

production.

Rawson ES, Clarkson, PM (2000)

The purpose of this study was to examine the effects of short term Cr supplementation in

older adults on isokinetic leg extension strength and isometric strength of the elbow flexors.
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Seventeen older males (65 ygaxgre given 20 grams day of eith€r monohydrate (n=9) or a
placebo (n=8). The supplement was consumed in four equal servings per day for five days.
Participants complete all strength testing prior to and following supplementdsometric

elbow stength was tested on a preacher curl bench with the humerus against the pad and the
hand grabbing on to a bar that was attached to a strain gauge. Leg extension peak torque was
measured during three sets of 30 maximal concentric leg extensiB® %" on a isokinetic
dynamometer. The sum of the peak torque values per set were used as a measure of strength.
Following the five days of supplementation peak torque increased 25.2Nm for the second set and
72.6Nm for the third set for leg extension strén@t <0.05) in the Cr group, but not differ from

the placebo group. There was no significant change in elbow stréhgthQb) for either group.

In conclusion, the authors determined that supplementing with Cr does not increase upper or
lower body stregth. The authors suggest the Cr kinetics may be reduced in an elderly population

which could be one reason why there was not an improvement in strength.
Rossouw F, Kruger PE, and Rossouw(2000)

The purpose ohiis study was to evaluatiee effects ofCr supplementatioon deadlift
and isokinetic leg extensigrerformancen well trained power liftersThirteen well traind
power lifters were administered nine graaieither Cr monohydrat@é=8) or sucrose (n=>5) for
six days. Isokinetic leg extensits wereperformedprior to and at day five of supplementation,
anda 1RMdeadlit was done prior to and at day siksupplementationThe isokinetic testing
consisted of three sets of 25 isokinetic leg extensions at 180Pesik torque, peak powerprk
and work from reps-5 and 2125 were calculatetbr leg extension performanc®eadlift was
measured as thmaximumamountweightlifted according to competition standard3oth

groups experienced amcrease in iskinetic strength following the fir days of supplementation
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(P= . QG0b);, but the Cr group experiemtan increaseR=0.01) inpower during the third set
while the placebo did notThe Cr groueadifted7.81+7.95 kg more than they did prior to
supplementationR=0.02), the placebo groufd not significantly lift more=0.20). The
results of this study indicate that even well trained lifters may benefit frasogplementation

as it improved some markes§isokinetic strength and dddt performance

Smith-Ryan AE, Ryan ED, Fukuda DHCosta PB, Cramer JT, and Stout JR013)

The purpose of this study was to examine the effects of fatigue on neuromuscular
function following Cr | oading. This study ad
fatigue, but since fatigue is not paftthis review, the focus will be on measures pre and post
supplementation prior to the fatiguing task. Twelve females consumed 20 grams of fructose with
either five grams of Cr monohydrate or a placebo four times a day for five days. Maximal
isometric pantar flexion strength was performed prior to and following five days of
supplementation on a custom made force plate. During the maximal voluntary contraction
(MVC) the twitch interpolation technique was used to determine percent voluntary activation an
peak force. From the resting twitches, peak twitch force, peak rate of force development, half
relaxation time, and Mvave amplitude of the soleus and medial gastrocnemius. There were no
differences between the placebo and the supplement group in gn@yrefuromuscular measures
(P=0.805 1T0.064) (MVC, peak RFD, relaxation ti
indicate that short term Cr supplementation does not influence isometric measures of strength or
evoked twitch properties of the lower leg in women. In conclusion, isansétength may not

be an appropriate measure to evaluate the muscles ability to use Cr.
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Stevenson, SW and Dudley GA (2001)

The purpose of this study was to address the effects of Cr loading on fatigue, dynamic
resistance exercise performance, voluntarg evoked isometric strength. Thirty one resistance
trained males (n=29) and females (n=20) consumed either 20g of Cr monohydrate (n=18) or a
placebo (n=13) per day for five days. Participants performed alpest to and following five
days of suplementation. Five maximal isometric contractions were perfomiticthe leg
extensors at 45° below the horizontal plane on a dynamometer. Five repetitions of electrically
stimulated contractions were performed at 70% of maximal torque. Leg extensiom&imal
repetition (:RM) and repetitions to failure were conducted on a leg extension machine. The
load for the repetitions to failure test was subjective but remained the same for pre and post
testing. From both voluntary and evoked isometric cotitias, rate of torque development and
relaxation time were calculated. Rate of torque was calculated dur®@P2®f the maximal
torque. Cr supplementation did not significantly improve rate of torque developP=€nd807
Pre: 801, Post: 753M-s?) and was not different from the placebo. There was no significant
difference in relaxation time (pre: 30, post: 29 ms), 1 RM strength, or repetitions to failure
between groups. The authors concluded that short term Cr supplementation in resistance trained

men does not improve leg extension rate of force development, relaxation time or fatigability.
Urbanski RL, Loy SF, Vincent WJ, and Yaspelkis BB (1999)

The purpose of this investigation was to determine gupplementatiormproves
maximal isometric sength and time to fatigue following loadinglen males (26+6 yegrs
consumed either 20 g of Cr monohydrate or a placebo fodéys then following a 35 days

washout period were given the opposite supplement they previously received for fiva days
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cros®ver design bthis study allowed for all 1@articipantdo be given both the placebo and Cr.
Isometric strengthestswere performegbrior to and followirg both supplementation periods (5
days) Isometriclegextension strength was examined othlyaamometewith theleg flexedat

90°. Isometric grip strength was performed with the arm by their side and flexedaa @0°

hand held dynamometeilime to fatigue was measured by having the participant perform three
trials ofisometric holgd at 67% & MVC for as long as possible ftwoth the legextension and

grip exercise Isometric peak strength and time to fatigue were recorded and compared between
theplacebo and Cr. Cr supplementatimiecrease (~2 Kg-m)isometricleg extension strength
(P<0.05 but failed to increase hand grip strengliime to fatigue was significantly increased
(P<0.001) for botHeg extension and griptrengthfollowing Cr supplementation whetompared

to the placebo during all three bo(#8s) The authors attributed thecrease in time to fatigue

to the more readily available sources of ATP via the PCr system as a result of Cr
supplementation. The authors concluded that Cr supplementation improves performance when

ATP is a limiting a factor, and may be more benefitidarger muscle

van Leemputte M, Vanenberghe K, and Hespel P (1999)

The purpose of this study was to evaluate the effect of Cr supplementatioluntary
isometric torque and relaxation time. Sixteen ®él8-23 years)vereasked to consumather
20 grams of Cr monohydrate (n=8)raaltodextrinfor five days Participants performed all tests
of the elbow flexors prior to and following the five days of supplementation. Testing began with
threeisometric MVCs of the elbow flexorg 410° of flexionon a dynamometer and held for
threeseonds Followingthe MVCs, participants performed twelve consecutive MVCs with 10
seconds rest intervagsmd EMG was recorded touscle activation Over the course of the

twelve contractiongeak torque and relaxanh time were caulated. Relaxation time (RWas
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calculated as the time course of isometric torque decay from 734of2Haxmum torque.

Muscle activation was the normalizpdakEMG amplitude during the initial contraction (235

% of peaktorque) ad duringRT. Cr supplementatiohad no effect on peak torque durthg

12 contractions (pre: 5, pos: 58Nm). Cr supplementation did reduce (~20%) dRfing

the 12 contractionsvhile the placebo did noP&0.05). There was also no significant chanig
muscleactivationbetween groupsThe authors attribute the decrease in RT to an increase in
C&™* kinetics due to an improvement in the PCr system as a result of Cr supplementation. The
authors attributed the lack of change in peak torque was lagétwe fiber composition of the
bicep muscle group being an equal distribution of fiber type, not primary type 1l which would
utilize more Cr.In conclusionshort term Cr supplementation shortens relaxation timeglur

brief isometric contractions.
The influence of Cr supplementation on ROM and nuscle stiffness
Sculthorpe N, Grace F, Jones, and Fletcher | (2010)

The purpose of this study was to determine the effects of Cr loading on joint range of
motion. Forty healthy young participants (24+3ymfisumed either 25grams of either Cr (n=20)
or a placebo (n=20) for five days then five grams for the remaining three days. Prior to and
following supplementation, active range of motion (ROM) assessments were taken with a
universal goniometer. The tesisnsisted of: shoulder flexion, extension, lateral & medial
rotation and abduction; elbow flexion; hip: flexion, extension abduction, medial and lateral
rotation; ankle plantar and dorsifl exion. Th
not differ from pre to postq < 0.05). The Cgroup had significant decreasasROM for

shoulder extension (15.8%,< 0.01; effecsize = 0.371), shoulder abduction (1.7 0.05;
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ES= 0.25) andcankledorsiflexion (14.8%P < 0.01;ES= 0.301).The authorsa@ncluded that

ROM was affected by Cr supplementation in joints where smaller muscles were working against
larger antagonist muscles. There was no change in ROM in joints with larger agonist muscles.
The authors determined that altered ROM was not dae tohibition in the active muscle but

an enlargement in size of the antagonist muscle. The authors contributed the increase in size of
the antagonist muscle to the fluid shift that occurs with Cr supplementation. The authors
speculate that the increasesize of the antagonist muscle would trigger the stretch reflex sooner
as it is lengthening during the active ROM causing a contraction of the antagonist muscle leading

to a reduction in active ROM in the smaller agonist muscle.

Watsford ML, Musphy, AJ, Virwick, SL and Walshe ED. (2003)

The purpose of this study was to examine the effects of Cr supplementation on
musculotendionus active stiffness, isometric force and jump performance. Twenty men
consumed either 20 grams of Cr (n=10) or a placebo (n=18gf@n days then consumed 10
grams a day for 21 days. Testing was conducted prior to loading, following loading (day 7) and
after the supplementation period (day 28). Active stiffness of the plantar flexors was determined
by using the oscillation techouie measuring peak to peak distance at 50, 100 and 200% of body
weight. Isometric contractions of the plantarflexors were performed with participant in a seated
calf raise position with the knees and hips bent to 90° of flexion with a loadadobeteen
the ground and the movable arm of the calf raise machine. Countermovement and drop jumps
from 80 and 100cm were used to determine jump performance. Addressing only the time point
following the loading period (day 7) there was no significant influeficg& supplementation on
active stiffness at 50% of body weight (pre: 3,463.7; post: 3,440.T'\180% (pre: 5,199.7;

post: 5,275.7 N-i), or 200% (pre: 8,147.7; post: 7,519.3 NByusing the oscillation
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technique. There was no significant charfge 0.05) in isometric force (pre: 2,908.8; post
2,958.5N), RFD (pre: 11,677; post: 11,356 N;snd jump performance following seven days

of Cr supplementation. As a result, the authors concluded that Cr supplementation does not
influence isometric séngth or jump performance. The authors hypothesized that an increase in
water retention with Cr, as observed in previous literature, would alter the muscles size and thus
affect stiffness. These results would indicate that there is no influence offlereeptation on

active stiffness. Based on these findings Cr supplementation did not influence any performance

measures or an increase in active stiffness after seven days of loading.

The influence of Cr supplementation on fluid distribution
Bembem. MGTuttle, TD., Bembem DA. And Knehans AW. (2001)

The purpose of this study was to address the effect of Cr supplementation on the force
time curve duringnisometric contraction of different muscles. The secondary purpose was to
address the possible ftushifts during supplementation. Nineteen healthy sedentary males
consumed either 20 grams of either Cr (n=11) or corn starch (n=8) for five days, then a
maintenance dose of five grams for five days. The fluid shift was examined using bioimpedance
spectoscopy. Total body water and intracellular and extracellular water were calculated with a
Xitron BIS analyzer system amkaminedore and post supplementation. There was no
significant difference betwedhepre and postesing body water measurgéB> 0.05). There
was a trend in the Cr gropgs all three body water measures increased while the placebo group

remained unchanged. The authors concluded that ten full days of Cr maybe enough time for the

body to rebalance water distribution following Crsgpphe nt at i on. Cr 6s osmot i
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influence water shift during the initial loading period but may return to balance after continued

supplementation.

Kern M, Podewils L, Vukovich M, and Buono M (2001)

The purpose of this study was to evaluate bedter changes in relation to gains in body
weight following Cr supplementation and to determine if Cr benefits thermal regulation capacity
in the heat.Twenty healthymales coaumed either 2frams ofCr monohydratg€n=11) or sugar
(n=8) forfive days the two grams a day for 23 days. Total badgter was determined using a
bioelectrical impedancanalysisand was measured weekly for the 28 days. Body composition
was measured using hydrostatic weighing with the Siri equatioamé® was determined on a
cycle ergometer prior to supplementation and following the 28 day) minuteof cycle
ergometetest was performedt 60% VQmaxin the heat (37° C)Core temperature was assessed
prior to and during the cycling. There was no difference in any qirthgalues between the
groups P=0.484. Subjects that supplemented with Cr demonstrated an increase in lean mass
and body mass after the 28 days. There was a corresponding gain in TBW Witlgtbap,
which was associated with the increase in bodysimBse core temperature rose in all conditions
but was lower in the Cr group pre and pagbplementatiobut was not significantly different
during the cycling testR=0.057). The authors concluded that the increabedy masss
attributed to the incese in water during Cr supplementation, and thus an increase in TWB
would in theoryimprove heat buffering in the body when exdrgsn high temperature
conditions Even though the results were insignificant, a decreasing trend in body temperature
during the 60 min cycling following Cr supplementation suggests it may be beneficial when

exercising in the heat.
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Powers ME, Arnold B, Weltman AL, Perrin DH, Mistry D, Kahler D (2003)

The purpose of this study was to investigate the effects of Cr suppl¢ioeioia Cr
concentrations in the muscle and fluid volumes using direct measures. Sixteen males and 16
females who regularly performed resistance training participated in this study. Subjects reported
to the clinic the first day and stayed overnight. iDgitheir stay they had their resting vitals and
fluid volumes, urinary Cr and muscle Cr levels taken. Participants were stratified by gender then
randomly given either a placeboRihosphagesupplement containing five grams of Cr
monohydrate. The sumgghent was taken five times a day for seven days then once a day for the
next 21 days. They were then post tested at day seven and 28. Urinary Cr levels were taken from
the urine collected during the overnight stay. Muscle biopsies from the vastusslateral used
to address Cr stores in the muscle. Fluid volumes were measured using deuterium oxide (D20)
dilution for TBW and sodium bromide dilution for ECW and ICW volumes. BIA was also used
to with the D20 values. There was no difference in basefinary Cr levels but there was a
significant increase in Cr in the urine in the supplement grBa@®(023), Cr stores in the
muscle also increased during the supplementation in the Cr gPeup@23), but not the placebo
group. There was not a signifittancrease in body magd<0.05)at day seven but there was an
increase irbodymass by day 282%0.044). For fluid distribution, there was an increase in
TBW with both groups but the Cr group had a significantly higher increase in PBWQ027).

Therewas no significant difference between groups at any time point for ECW or ICW
(P=0. 366) . Il n concl usi on, Créds osmotic proper
measured with an increase in TBW this coincides with an increase in muscstardsrincrease

with supplementation. The primary finding is that Cr does not affect fluid distribution as seen
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with no change between ECW and ICW. Thus, the authors conclude that Cr increases overall

water carrying capacity but does not affect how dissributed.

Weiss BA, and Powers ME (2006)

The purpose of this study was to determine if an acute Cr supplementation alters fluid
distribution and thus impairs thermoregulation during a bout of exercise in greater thermal
temperatures. Twerdipur maleparticipants consumed either 25 grams of Cr monohydrate
(n=12) or a placebo (n=12) for five days. Prior to and following the supplementation period,
participants had their body mass, heart rate, body water volumes and core temperature measured.
Participants then performed a graded exercise test on cycle ergometer in a 37° C temperature
control room. During exercise, HR, sweat loss, and core temperature were taken every 10
minutes during the 60 minute test. Water volumes were measured using bioelecpéckince
spectroscopy. There was no significant difference between the Cr and placebo groups in HR
(P=0.754), sweat los$?€0.144), or core temperaturéx0.870). There was a significant
increase in TBW=0.004), ECW p=0.005) and ICW=0.046), in theCr groups following five
days of supplementation while the placebo group exhibited no change. The results showed that
Cr supplementation does influence water retention but does not unequally distribute fluid within
the body. Cr increasd water content inhe body but did not have any adverse effects on the
sweat response or core temperatlirhk e concerns that Crés osmol al i
fluid shift resulting in less sweat loss were shown to be invalid as a result of this study. The
authorscorcludedthat Cr supplementation maybeneficial in maintaining propéemperature

of thebody during prolonged exercise.
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Ziegenfuss TN, Lowery LM, and Lemon PW. (1998)

The purpose of this study was to estimate the relative fluid volumes during thresd days
Cr supplementation. Ten healthy males consumed 0.07g-kg*BE®I five times a day for
three days. Prior to and following supplementation baseline values of FFM, body fat percentage;
TBW, ECW, and ICW were measured for three days. Bioelectricadamce analysis was used
to determined fluid distribution. Following three days of supplementation there was an increase
in TBW (P=0.07), and ICWR<0.05), but there was reignificantchange in ECWR= 0.51).
The authors suggest that even though thexe avsmall significant change in fluid volumes this
change was not large enough to influence other variables associated with increases in cell size
like protein or glucose synthesis. The authors calculated effect size for TBW and ICW and they
were 0.39 ad 0.64, respectively. In conclusion, even though the significant changes in fluid

volumes were small, they may have small to moderate effects on fluid distribution.

The physiological role of Cr supplementation
Harris RC, Soderlund K, and Hultman E. @92)

The purpose of this study was to determine if Cr supplementation would be absorbed by
human tissue and whether absorption would increase with continued supplementation. This is the
first study that addressed Cr absorption in human muscle. Five tearalel2 males between the
ages of 2662 participated in this study. Twelve of the participants consumed 4 x 5 g a day for
4.5 days. At that point two participants stopped consumption, while the regparticipants
consumed Cr for eithét, 10or 21 days total days. This design was to address how long it took

for Cr to saturate muscle. Muscle biopsies of the vastus lateralis where taken prior to

31



supplementing and following day two and at the completion of each of the supplementation
periods. Plasmaas taken from a subset of the participants for seven hours following one
serving of five grams of Cr. Urine samples were taken from most of the subjects to measure Cr
excretion. Cr supplementation resulted in an increase in plasma levels, which peakrone h
following Cr ingestion and slowly decline until five hours post consumption. Only four subjects
completed the full urine analyses. The results of the urine analysis indicated that during the first
two days, 32% of Cr ingested was absorbed and thevasséxcreted. This number then

dropped to 17% from the second to forth day. The result of the muscle biopsies indicated that Cr
supplementation increases muscle concentration of Cr but the level of uptake varied between
participants. Participants withdher initials level of Cr stores had a smaller increase in Cr

stores then someone with lower initial levels. This indicates that there is a saturation level that
occurs in most people around ~145mmols-kfwet weight. The participants that had muscle
biopsies taken on day two and following the supplementation period showed that the majority of
Cr is absorbed in the first two days. During the supplemental period, five subjects pdrfegm
extension exercises of one of their legsl Cr concentrationifterences were measured between

the exercised limb and the nemercised limb. Results of the exercise groups showed an

increase in Cr content in the exercised limb compared to thexegised limb. In conclusion,

Cr supplementation of 25 grams or meuecessfully loads the muscle with Cr; this can further

be enhanced with exercise. The majority of Cr absorption takes place in the first two days and
then continues until the muscle is fully saturated. The authors suggest that with an increase in Cr
stares within the muscle could possibly have an impact on sports performance, as an increase in

Cr would lead to an increase in work capacity. This the first study to address Cr supplementation
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and thus started the research into Cr as an ergogenic aidtuiysas been referred to as the

fundamental study in Cr research.

Hultman E, Soderlund, K, Timmons JA, Cederblad G and Greenhaff PL. (1996)

The purpose of this study was to determine whether muscle Cr stores could be effectively
increased with differentraounts of Cr supplementation and whether elevated levels could be
maintained with continued low dose Cr supplementation. Thirty one males where randomly
allocated into four groups: group one consisted of six participants who consumed 20 grams of Cr
monohydrate for six days; group two consisted of nine participants who consumed 20 grams of
Cr monohydrate for six days then two grams a day for the next 28 days; group three consisted of
nine participants who consumed three grams of Cr for 28 days; and gunoifsisted of seven
participants who consumed 20 grams of a placebo for five days. Muscle biopsies of the vastus
lateralis were taken for all groups at pre testing and at day seven, 21 and 35 of the supplement
program to determine Cr concentration lsvelUrine was collected on days one, three, five,
eight, 11, 18, 22, and 25. As a result of the muscle biopsies, Cr supplementation of 20 grams for
six days significantly increases total Cr concentration mubsie.05, Group 1 & 2). Group one
exhibiteda decline in Cr levels following cessation (day 6) of Cr supplementation while group
two displayed plateau effect in elevated Cr levels following the loading period with the lesser
amount of Cr for remaining 28 days. Group three Cr levels did not smmtiffjdncrease from
baseline until day 147<0.001) of Cr supplementation. Group four did not experience an
increase in Cr levels during any time point. The results of the urine analysis indicated that
urinary creatinine peaks at five days of supplenmentgP<0.05). The authors concluded that
with the typical loading period, Cr will saturate the muscle in five days and can be maintained by

a lesser amount (~2 g) of Cr for the duration of supplementation. The authors also discovered
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that lower amounof Cr (~3g) can increase Cr concentration, but takes longer to saturate the
muscle with Cr. This study was fundamental in addressing the implication of a maintenance

dose of Cr and the use of a lesser amount of Cr to saturate muscle.
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CHAPTER Il |

METHOD S
Participants

Forty heathy young menr{age: 20.3 + 1.9 years, Stature: 176.5 £ 6.4, mass 72.4k8)6.6
wererecruitedfor this investigationAll participantscomplet& an informed consent document
and a health history questionnaire prior to any testirgbe eligible for inclusiointo thestudy
al participants met the following requirementeee of anycurrent or ogoing neuromuscular
diseases, having not sustainddwaer limb injurywithin the lastsix months,body contained no
ferromagnetiémplantedmaterial (i.e. pacemakers and metal implarasilhave not
supplemented with Cr within the last six montRscreationally active subjects where recruited
and seHlreported actively levels where taken (Table@bserved power with a sample sizelof
(n=20 in each group) for the dependent variables ranged from-0.988, with an effect size of

0.10.18.
Experimental Design

A randomized, matchepair, doubleblind, placebo controlled design whe used to
determine théime course effects of Guplementation on muscle functioA.matchedpair
design was selectgér the recommendations Afkinsonet al.?, participantsverematctedby
strengthfollowing the familiarization triabndthenrandomly assigned to the placeime20) or

Cr (n=20) group Participantssisitedthe laboratory o severoccasions (including the
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familiarization day. Theexperimental trials bega?i5 days after the familiarization ttiand
occur at the same time day (+ 2 hrs). Testing was conducted priosipplementatio, during
the loading period (2, 4 andddys following supplementationhd during the washout ped
(15and 35 daypost supplementation). A fiwgeek washout period was chosen based on the
findings of Rawson et af® who indicated that the time period fmuscle Cr levels to return to
baseline may be longer than the traditional 28 day period. During each experimentallt
the participants hattheir body fluid distributior(ICW, ECW and TBW)the size and
architecture of their mediahd lateral gatrocnemiusand tibialis anterigmmeasured. They also
underwenpassive and active range of moti®tQM) assessmestperfornedthe twitch
interpolation proced@rand isokinetistrengthtesting A randomly assigned subsxt
participantgn=8) underwem protonmagneticresonancepectroscop¥MRS) to detecthanges
in total creatindevelswithin the muscleluringsupplementatio* All tests wereconducted on

the right leg.
Familiarization Day

During the faniliarization trial, eaclparticipantcompletel a health higry questionnaire
and sigedaninformed consenpracticed the twitch interpolation procedure, isokinetic and
isometric strengt testing and ROM assessments and weéoemed of the ultrasounahd proton

MRS assessments.
Supplementtion Procedure

Creatinemonohydrate (20g) or a placela@sgiven to the participant3he aeatine and
placebowassupplied by Dymatize® nutrition and independemdisted for qualityrom Covance

Laboratories In¢Madison, WI) The placeb@20g dextrose410mg Lemonade flavor, 450mg
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citric acid, 500mg Malic acid, 25mg Sucralose) and(€ame as placebo with 5g creatine
monohydrate addegroductsveresupplied in identical white packets atie participans were
asked tomix each packetvith eightounces of vater andngestfour times throughout the day for
five consecutivelays.Subjects were asked to bring in any unused packets in which no packets

where returned.
Body Fluid Distribution

Total body water (TBW)intracellular water (ICW) and extracellular water (ECW) levels
weredetermined using bioimpedance spectroscopy (BIS) (Impedimed SFB7, San Diego, CA).
Participantdied supine on a table with their legs separated and arms approximately 30 degrees
from theirtorso for a 5 10 min rest period to ensure the measurements accurately reflect fluid
distribution(corrects foifluid accumulating in thédmb when standing Electrodesvereplaced
in a téra-polar configuration using the right foot and right hancheasure total body resistance,
this technique has been shown to be both valid and refiaBleid distribution (TBW, ICW,

and ECW)wascalculated using the equations by Deurenberg'2t al

TBW (L) = (heighf / Z100 x 0.34573) + (weight x 0.17065)age x 0.11) + 9.35
ECW (L) = (height/ Z1 x 0.19528) + (weight x 0.06987}age x 0.02) + 2.3

ICW= TBW-ECW"*®
From the BIS measurement fat free mass (FFM) anmdas (FM) were also recorded.

To account for changes in hydration, urine specific gravity was measured from a urine
sample collected on each visit. Specific gravity was measured using a clinical handheld

refractometer (Model 1.33Ade Advanced Optics, Oregity, OR).
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Muscle Size and Architecture Measurements

Muscle crosssectional are@CSA) wasdeterminedy ultrasonographwith a12 Mhz
linear array probe (LOGIQ e, General Electric Company, Fairfield CT) placed along the axial
plane at approximately 3the distance between the popliteal crease and the lateral malleolus.
Imageswerecollected up to a depth 8t5cm using the musculoskeletal setting at a frequency of
10 MHz and a gain of 68 dB. To avoid a diagonal measurement and an overestimaitisiclef
size, probe positiowasclosely monitored to ensure appropriate skin pressure and the angle of
the probe by moving the probe against a high density foam pad in the transverseoplan.
determine muscle CSA, theadlial(MG) and lateral gastrocnemi(isG) andthe tibialis anterior
(TA) werescanned using panoramic ultrasound B miatkging For measurements of fascicle
length(FL) and pennation angl@®A), the angle of the transduceasadjusted visually to
optimize the muscle fascicles and the imuscular tendon contained within the field of vi&w
Fascicle lengtlandPA of the MG,and LGweremeasured usinganoramicultrasound B mode
imaging, with probe displacement being controlled for by maintaining that the center of the
imagewasat the same location as the CSA measuremilhimagesweredigitized and
evaluated using Image J 1.37 software (National Institutes of Health, BethesdaM§zje
CSAwascalculated as the area of the manually traced outline of the muddlesjde the
surrounding fascia using the polygon function in Imdg&sing the segmentdihe function,
fascicles willbetraced continuously from their orig{deep aponeurosig) insertion(superficial
aponeurosisjust inside lhe surrounding fasciaf the MG & LG. Pennation angle&vasmeasured
using the angle tool and defined as the angteréen muscle fascicend the deep aponeurasis
Two fascicles weremeasured per mugchnd the average FL and PA wased for subsequent

analysis>®
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Electromyography

Surface electromyographiiG) wasused to monitor muscle activity during the ROM,
twitch-interpolation and isokinetistrengthassessments. Pgelled bipolar surfee electrodes
(EL503Biopac systems inc., Goleta, CA, UpWith an interelectrode distance @ mmwere
be placed on the prominent bulgeM®, andSolin accordance with the SENIAM guidelin&s
A disposable electrodeasplaced over the tibial tuberosity to sengeaareference electrode. To
reduce inter impedance and improve the signal to noise tlagiskin wasshaved, abraded and
cleaned with isopropyl alcohol prior to electrode placemeterelectrode impedance whept

below 5 Iq as measured byraultimete.
Range ofMotion and Stiffness Assessment

ThepassiveROM of the plantar flexors wadetermined for each participant on every
testing day using a Humac Norm dynamometer (CSMI Medical Solution, Stoughton MA)
programmed in the psive mode. Participantgereseatedvith theleg extended and restraining
straps over the pelvis, shouldesad contralateral thigh and the lateralli®olus aligned with
the axis of rotation of the dynamometdihe foot was secured to a foot pl#teough a thick
rubber heetup and straps ovéne toes and metatarsals (distathe malleoli so that they ditbt
impedeany passive foot movementjo examinechangsin position a150 mmtwin axis
goniometer (BIOPAC Systems, INC., Santa Barbara, CA, U&Ssgadhered to the skijust
proximal to the lateral malleolus dimedistal aspect of the fibula and on the fifth metatarsal of
the lateral aspect of the fooThe dynanemeter lever arm wgsassivelydorsiflexedthe foot at
an angular velocity of 58ec¢" until the participats maximum tolerabl®OM was reachethen

immediately returned te20° of plantar #xion Active ROMwasassesedas the maximal
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amount of dorsiflexion the participant cachieve by actively contracting their dorsiflexors

Maximal passive and activ@OM wascalculated as thROM attained from 0to the endROM.

Passive stiffnessasquantified using a fourtrder polynomial regression model
thatvasfit to the gravity corrected passive angbeque curves generated during thassive
ROM assessmenteording to the procedures described by Nordez®t Bhssive stiffness
values (Nmdeg') weredetermined at0° dorsiflexion(common stiffness)and aB0%of
maximumROM (relative stiffness) EMG onsetvasdetermined as thgoint at which EMG
amplitudeof the MG or Sol exceedthree times the baseline EMG standard deviation for longe
than 100 m3° Blazevich et df suggested the onset of EMG activity may indicate an
appendicular tonic stretch reflex feedback mechanism which malydved during

supplementatior?

Isokinetic Testing

Isokinetic peak torqu@T)was determined durintpree consecutive maximal isokinetic
muscle actions through a spectrunvelocities(30, 90,& 180°-sec¢).?® Velocitieswere
randomized and two minue restperiodwasgiven between tests. The footplataspassively
moved intodorsiflexion at a velocity at@8-sec¢ until a verbal cue wagiven by the participant
at the poimof which the participant fel slightstretch. The participantaen immedately
performeda rapid and forceful contraction of their plantar flexors untiy tteacled 200 of
plantar flexon. Peak torque duringokineticcontractionsvas measureduringthe load range

(zero acceleratiofij that occursat+10° of neutral (0%°
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Twitch Interpolation Procedure

Isometricpeak torque (PT), percent voluntary activation (%VA), and peak rate of torque
developmen{RTDpeak), each participaperformedthree5-s isometric maximal voluntary
contractions (MVCs) of the plantar flexors at atnajoint angle(90°) with two min of rest
between trials. The participant®reinstructed to push as haadd fastas possible anstrong
verbal encouragement wpsovided by the investigators. To determine %YAnscutaneous
electrical stimulwasdelivered to the tibial nerve using a higbltage (maximal voltage= 400
V) constantcurrent stimulator (Digitimer DS7AH, Herthfordshire, UK). The stinwdisapplied
via bipdar surface electrodes that wére placed in the popliteal spameer the tibiaherve'®
Single stimuli wasised to determine the optimal probe location (50 mA) and the maximal
compound muscle action potential {Mave) with incremental amperageiaases (2100 mA).
Once a platau in the pealto-peak Mwave wagletermined, despite amperage increases, 20% is
added to the amperage that yielded the highest{oepdak Mwave to assure as supramaximal
stimulus. Doublets (2 singll-ms square waveripulses) weradministered with the
supramaximal stimulus intensity during the MVC trials to increase the siginalise ratio and
minimize the series elastic effects on torque produdfidn accordance with the twitch
interpolation procedure, a supramaximal doubasadministerecapproximatelyo00 ms into
the MVC plateau (superimposed twitch) and then agdirs &fter the MVC trial at rest
(potentiatedwitch). %VA is calculated with the equation provided by Allen ét al.
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PT wasobtained from the average of the first 500 data points preceding the

superimposed twitch. RTDpeakasdetermined from the highest slope value (torque/tioe) f
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any 50ms epoch from the onset of torque productiThree resting twitches weaidministered
prior to MVC testing.From the resting twitchepeaktwitch torque (PTich), peaktwitch RTD
(RTDuwitch), and twitchhalf relaxation time (HRTyvere calcuhted PTyiich Wascalculatedasthe
highest means of 20 consecutoata pointghat occurst the apex of the twitchRTDyiich Was
the highest slope valder any 20 consecutive data poiiisring the resting twitchedHRT was

calculated as the timetakesthe twitch to relax to 50% of if3T.
Proton Magnetic Resonanc&pectroscopy

A randomly selectedubset oB participantaunderwenprotonmagnetic resonance
spectroscopyMRS) scando determine thehanges ittotal Cr levekin the muscle dunig
loading andhie subsequent washout perigdll protonMRS scansvereperformed on a 3T MR
system (Magnetom Trio, Siemens Healthcar@)gia flexible phased array linthatrix coil. All
MR imagng and proton MRS sequences thareused in this study arFDA approved MRS
consisedof localizer axial sagittaland coronal images followed by an axiat$appressed fast
spinecho T2 weighted sequence (TR/TE, 2886/100 msec; field of view 200 mm, 5 mm slice
thickness) of the gastrocnemius of eaalticipant whichwereused for MRS voxel placement.
A single voxel (40 x 40 x 40 mihwaspositioned so that the voxetaslocated entirely within
the muscle.Adjacent subcutaneous and intermuscular fat along with boney strustnes

excludedas much as possbl

Proton MRSscanswvereperformed using a point resolved single volume sequence (SV
PRESS). For #tameasurement @r, theSV-PRESS sequence (TR/TE,2000/18&sapplied
twice over themedialaspect of the lower leg (same placement as ultrasound measisgEm

once with water suppression (128 averages) and once without water suppression (16 averages).
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Automatic field shimming and manual shimmwvgreusedto obtain a fulwidth and hal
height of less than 0.1 ppm of the water peak will be performeptimiae the sigal intensity.
The scanning times ran letbenfour minutes for the watesuppressed scan and less tbhaa

minute for the scan obtained without water suppression.
Signal Processing

The EMG, torque, and position signalererecorded simianeously with a Biopac data
acquisition system (MP150WSW, Biopac Systems, Inc., Santa Barb®xarlla torque (Nm)
and velocity {-se¢") signals from the isokinetic dynamometgositionsignalfrom the
electogoniometer{),and EMG ( ewdrpsamspledyat 2KHz. All digitized signalgere
stored on a personal computer (Think Pad T420, Lenovo, Morrisville, NC) and processed off
line with custorawritten sofware (LabVIEW 8.5).For the ROM assessmentsrque,position
ard velocitysignalswerefiltered with a low pass @ Hz) zerephase shift™ order Butterworth
filter. For the strength assessmetdsque,positionand velocitysignalswerefiltered with a low
pass (B Hz) zerephase shift" order Butterwortffilter'®. The EMG signalverebandpass
filtered with a zero phase shiff'#rder Butterworth filter with cutoff frequencies of 1600
Hz. The pbrque signalvasgravity corrected for the weight of the footplate. During the isokinetic
testing EMG amplitudewascalculated agheroot mean square (RM®j same epoch gieak
torgueand normalized to theaxmal M-wave (Mnay per the recomendations of Maffiulette et
al®” for all isokinetic velocities M-waves amplitudes (k) werecalculatedas theRMS values

as recommended by Aratizhiev et af.

Proton MRS datavasanalyzed using AMARES which is an advanced method for

accurate, robusand efficient spectral fitting and is part of the MR user inter(@dRUI, The
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training and robility researchersf the European Uan network programme)s Spectravere
processed witlazeroorder phase correction based on the water p&bk.peak integral values
of the creatine signand the norsuppressed water signaérequantifiedat 3.0and 4.7ppm,
respectivelyThe qualityof the spectraverevisually assessed on the basfsaadiscrete creatine
peak at 3.0 ppm (creatine linewidth of 10 Hm)dclea separation betweeasreatine and choline

peakswith no artifacts.
Statistical Analyses

Multiple two-way mixed factorial anabjs of variances (ANOVAS) [6 &; time (pre,
days 2, 4, 6, 20, 3% group (creatine vs. placebaygreused to analyze the effects of Cr loading
and the washout period on bthdyfluid compartments (TBW, ICW, and ECWinuscle
architecturCSA, FL, andPA), isometric strengthRT andRTDpeay, muscle activation (%VA
andnormalizedEMG amplitude during all isokinetic velocities), resting twitch variables
(RTDuitch, PTwiten, HRT, Mmay), isokinetic PT at (3090,180°sec"), active and passiviROM,
passie stiffness valugsand EMG onset during the passive ROM assessniBamtferront
correctedpairwise comparisons were used to address the main effects forfheealpha level
wasset atP < 0.05, and all analysegereperformed with SPSS version 19.0 & Inc.,
Chicago, IL)Reliability for main dependent variables where evaluated using model 2,1 to
determine intraclass correlation coefficient (ICC), standard error of measurement (SEM) and

percent SEM (%SEM).
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CHAPTER IV

RESULTS

Demographics

Both gioups where similar atay Oin stature bodymassage and activity participation
(P>0.055 Tableb). For body masshere was no interactiqi®=0.449)and no main effect for
group(P=0.134) however there was a main effect for ti(Re0.004). Body massncreased at
day 4 and mmained higher for the remaindefrthe time points when comparedday 0O
(P=0.003 and day 4P=0.012)for all participantgFigurel). For FFM, there was no interaction
(P=0.120), main effect for grouf€ 0.057), or main effedor time (P=0.648). For FM, there
was no interactionR=0.872), main effect for groupR= 0.938, or main effect for timeR=0.68).
For all dpendentvariables meanz SD are reported in tables 6 af@stretest eliability

statistics for althemain cependent variables are reported in table 8.

Body Fluid distribution

For TBW, therewas no interactionR=0.348), main effect for grougP= 0.057, or main
effect for time P=0.120) (Figure 2A) For ECW, therewas no interactionR=0.106),and no
main effect for group P= 0.106), or timeR=0.423)(Figure 2B) For ICW, therewas no
interaction P=0.508),and nomain effect for groupR= 0.590), or timeR=0.172).(Figure 2C)

In addition, there was no interactid?=0.129, and nomain effect for groupR=0.982), or time
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(P=0.690 for specific gravity Cr supplementation did not influence fluid distribution during

and following Cr loading anbdydration statusvas consistent for all participants.

Muscle Size andArchitecture

ForMG CSA, there was no intaction P=0.452),and nomain effect for group
(P=0.299), or timeRP=0.632)(Figure 3A) For theLG CSA, there was no interactio£0.798),
and nomain effect for groupR=0.540), or time P=0.682 (Figure 3B) For TA CSA, there was
no interactionP=0.327),and nomain effect for groupR=0.360), or timeP=0.052 (Figure
3C). Cr supplementation did not influence muscle CSA during and following Cr loading.

For MG fascicle lengththere was no interactio®£0.201), and no main effect for group
(P=0.390, however there was an effect for tink=0.013). However follow up pairwise
comparisons yielded no significant differences@.075)(Figure 4A) For LG fascicle length
there was no interactio®£0.356), and no main effect for group=0.444), or tme P=0.341).
(Figure 5B) For MG pennation anglghere was no interactio®£0.283),and nomain effect
for group P=0.266), or timeRP=0.114)(Figure5A). ForLG pennation anglghere was no
interaction P=0.846),and nomain effect for groupR=0.28), or time P=0.341)(Figure5B).

Cr supplementation did not influence muscle architecture during and following Cr loading.

ROM assessments

For passiveROM, there was no interactio£€0.149),and nomain effect for group
(P=0.249, however there waseeffect for time(P=0.020)with day 20 having greater ROM
than day 6 =0.014)(Figure 6A) For EMG onsetthere was no interactio£0.743),and no

main effect for groupR=0.522), or timeR®=0.224)(Figure 6B) EMG onset was determined
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with 32 partigpants (n=16 for each group) since eightad exhibit EMGonsetduring the
ROM assessmeritor active dorsiflexion ROMhere was no interactio®£0.785), and no main
effect for group P=0.0362), however there was an effect for tilde(.035). However follow
up pairwise comparisons yielded no significant differenBe® 254)(Figure 6C) Cr
supplementation did not influence active or pas$¥@M during and following Cr loading

For commormpassivestiffness there was no interactio£0.478),and ro main effect for
group £=0.769), or timeR=0.067)(Figure 7A) For relativepassivestiffness there was no
interaction P=0.462),and nomain effect for groupR=0.703),however there was affect for
time (P=0.013) with day 20 being stiffer thelay 0 (P=0.006)(Figure 7B) Cr supplementation

did not influence stiffnesguring and following Cr loading.

Isokinetic Strength

For isokineticPT at 30°-se¢', there was no interactio£0.931),and nomain effect for
group P=0.579, however there waan effectfor time P=0.036). However follow up pairwise
comparisons yielded no significant differen¢Es0.078)(Figure 8A) Forisokinetic PT at
90°-sec¢’, there was no interactiofP£0.971),and nomain effect for groupR=0.941), however
there wasa main effect for timeR<0.001) with day 2Baving higher values @abrque therday 0
(P=0.001)(Figure 8B) Forisokinetic PT afl2(-sec, there was no interactio£0.967),and
no main effect for groupR=0.629), however there wasmaineffect fortime (P<0.001) with
day 20 and 3BavinghigherPT valuesthen baselingP=0.001)(Figure 8C) Cr
supplementation did not influence isokinetic strengthrady and following Cr loading.

FortheMG EMG amplitude during the isokinetic test af 3&¢', there was no

interaction P=0.572), and nomain effect for groupH=0.284), however there was affect for
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time (P=0.002), with day 35 beingiore active then day 2®=0.030)(Figure 9A) For the MG
EMG amplitude during the isokinetic test af @@¢', there was no interactio®£0.987),and no
main effect for groupH=0.927), or timeR=0.556 (Figure 9B) For the MGEMG amplitude
during the isokinetic test 420°-sec', there was no interactiof®£0.133),and nomain effect for
group P=0.268), or time (P=0.383 (Figure 9C) Cr supplementation didot influence
isokinetic MGactivation diring and following Cr loading.

For Sol EMG amplitude during the isokinetic test af a@¢", there was no interaction
(P=0.785), and no main effect for group=0.726), however there was an effect for tinfe (
0.001). However follow up pairwisecomparisonyielded naosignificant differencegP> 0.128)
(Figure 10A) For SolEMG amplitude during the isokinetic test af @@c', there was no
interaction P=0.939),and no main effect for group£0.848), or timeP=0.186) (Figure 10B)
For Sol EMG amplitude during the isokinetic test at 12@¢", there was no interaction
(P=0.307), and no main effect for group=0.346), or timeR=0.639)(Figure 10C) Cr
suppementation did not influence isokinegol muscle activation during and following Cr

loading

Isometric MVC PT and %VA

For maximal isometric MVQT, there was no interactiof£0.364),and nomain effect
for group P=0.708), however there was afied for time =0.001) with baseline being
stronger then at day 32£0.001)(Figure 11A) For the RTDthere was no interaction
(P=0.995),and nomain effect for groupH=0.989), or timeP=0.459) (Figure 11B) For % VA
there was no interactio®£0.099),main effect for groupR=0.286), however there was a

effect for time P<0.001), with days 20 and 35ibg less active thedays 06 (P=0.0010.015)
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(Figure 11B) Cr supplementation did not influenoeaximalor explosivasometric strengtiand
%VA duringand following Cr loading.

For MG EMG amplitude during the MVQGhere was no interactio®£0.995), main
effect for group P=0.647), or effect for timeR=0.674)(Figure 12A) For SolEMG amplitude
during the MVGC there was no interactio®£€0.192), maireffect for group P=0.364), or time
(P=0.368)(Figure 12B) Cr supplementation did not influenE&G amplitude of the MG and

Solduring and following Cr loading.

Twitch Properties

For the twitch PTthere was no interactiof£0.354),and nomain effet for group
(P=0.708), however therwas anaineffect for time P<0.001) with day 20 having high&T
values tlen day QP=0.001)(Figure 12A) For twitch RTD there was no interactiof£0.698),
and nomain effect for groupR=0.070), however there wasmaineffect for time P=0.011)
with day 6 having a higher RTD then dayPx(0.001)(Figure 12B) For HRT there was no
interaction P=0.889),and nomain effect for groupR=0.675), or time®=0.707)(Figure 12C)

Cr supplementation did not influencesting twitch properties during and following Cr loading

MRS

There was no change in MRS valwather between group®+£0.053) or within groups

(P=0.305 Table9). (Note: small sample size n= 8)
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CHAPTER V

DISCUSSION

Muscular Strength

The results ofhis study demonstradeéhat Cr loading does not influence isometric or
isokinetic strengtifFigures8 & 11). These finding arein agreement with previous research that

40529598104 o j5okinetic®™*>* PT duringCr loading

reported ndmprovemenin isometrié
However, two previous studies have repoitenieassin isometric leg extension strength
following theloadingperiod For exampleUrbanski et al® and Medieros et & reported a.2
and 6.86 increase in isometric strengthespectively.The discrepancies between these two
studies and our findingsay bedueto differences irmuscle siz€leg extensors vs. plantar
flexors) These authors hawpeculated that larger musstave a greater demand for'®ras
increased strengthwere reportedh the leg extensors but not grip strength following Cr
loading. Hbwever others who have studied both larfger®®®® and smalle?>***'%° muscle
groupsreported that Chadno effectonisometricstrength.

For isokinetic strengthhe results of this studyigure 8)are in agreement with previous
literaturethat havedemonstrated Cr loading does not influence isokineti?PT* at slower
velocitiesranging from15-1 2 0 U A Altboudh improvements iisokineticstrength have been
observedat higher velocitie$180 and 240R s e’cohér previous studies asimilar
velocity®® ( 1 8 0 U Baseeepoitddio significant hcreasein leg extensioPT. It is possible

that improvements in plantar flexion isokinetic PT may be seen at higher velocities than those

tested in the current study. However, it is important to notetitsastudy wasinable to
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examinehigher velocitiessince the load range could not be achieved with the limited ROM
(~40°) of the ankle compared to the elbow or knee.

One of the objectives of this current study was to evathateffect of Cr loading othe
speculated mechanisrtisat mayleadto an ircreasan strength. These mechanisms include: (1)
increase inmuscle activatioff, (2) increase musclesize or pennation angfe® and(3)
improvemens in C&* kinetics. All three possible underlying mechanisms wexamined in
this current study during and following Cr loadifiagures 35, 9-13). Similarto thelack of
interaction effects found for all strength measures, we also found no significant changes
(P>0.05) when compared to the placebo condition in these variables during and following the Cr
loading period

For muscle activatiorgur findings(Figures 911) are in agreement with previous
literature that haveeported normalized EM@mplitudevalues and %VA are not influenced by
Cr loading®>*®. There is aly one previous studythat has reporte@n increase in muscle
activation following Cr loadingThe differences betwedheseresults may be contributed tioe
normalization procedureas the studiethat have repoed no changesxaminechormalized
EMG amplitude’®® or %VA, while Medeiros et af® reportedraw RMS EMG amplitudesvhich
have been reported to be influenced by pHgsicd and norphysiological factord®> Similarly,
there was no influenaaf Cr loading ormuscleCSA, PA and fascicle leng(Frigures 35).

These measurements weseaminecbasedn the speculation of Jakobi et®alwho stated that
fit is conceivablghatan increase in ICW? could affect pennationf the muscle fibers which
mi ght affect o(pge458).80lolr knbvdedgee theaccwrrerp siudydihie only

study toexaminemuscle architecturduring andollowing Cr loadingwhile simultaneously
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measuring water distnittion. These findings are ngurprisinggiven there was no reported
changesn ICW.

Lastly, it has been suggested that Cr loading would impBatiekineticsby enhancing
ATP availability and thus increase the?’GATPase pump@nd subsequently improveycling
rate$'®. These variables are often examitiedirectly throughevoked twitch conditior{s.
However,our findings indicated thahere was no change in evoked twitch propert&gfich,
RTDuwitch, & HRT) during andfollowing Cr loading(Figure 13) The majority of papers
examining twitch properties following Cr loading haeported no improvements P Tyitch,
RTDuwitch, HRT, and time t&®T°***%. However there isonepreviousstudy that hageported an
increasan PTyich Which may be due to the stimulation procedure utilized. For example,
Bazzuchiet al® used a trim of stimuli (10 singlémpulsesfor 4 6 9) campared tsingle square
wave impulss (50-200¢ sthatarecommonlyused in the literater>>%,

Range of Motion

We are aware of only one study that has examined the influence of Cr supplementat
on flexibility. Sculthropeet al®? examined the influence of Cr loading on a number of upper and
lower bodyactiveROM assessments and reporéedecrease in shoulder extension (~9°) and
flexion (~9°) as well as dorsiflexion (~2°Theyspeculated #t theCr inducedincreasan
muscle cell voluméi.e. increase in ICWvould eithemresult inan increasé the resistance to
stretch thereby increasing ovenadliscle stiffness, dnfluenceneural outflow from the muscle
spindles causing them to be acaited earlier in a given ROMThe results of our study
demonstratethat bothactive and passive ROFigure 7)werenot altered during and following
Cr supplementatianin addition, we foundhere was no change in ICWWigure 2) passive

stiffnessat acommon and relative joint angl@igure 8)or EMG onset{Figure 7)which may
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indicatemuscle spindle activitwas not alteredFurthermore, Watsford et af* previously

examined the influence of Cr loading on active musculotendinous stiffness of the fhésatar

and reported that Cr supplementation does not ditkress. Collectively, these findings may
suggest that Cr loading has little influence on altering the passive resistive characteristics of the
plantar flexor muscles.

Body Mass

It has often beereported thaCr supplementation increaslgody massn menranging
from (1-3 kg\*°"1% following a tradtional loading periodit is believed that the imeasen
body masss aresultof the osmotic load caused by Cr retentiarthe muscl&? Our findings
indicated that therevere no significant chang@s body mass when compared to the placebo
condition(Figure 1).The Cr group demonstrated changeglof+1.1 kg)following the 5 day
loading period whiclis within the range of commonly reportedins in bodynas’. While Cr
supplementation has been examined extensiyelgry few studies examine changes in muscle
Cr stores to verify andften indirectly use changes in body mass to support these changes.
Using a subset of participants (n=8) from this study, we examined total n@irszatent with
MRS technolog§?. It is apparent that muscle Cr stores increased during the loading period and
declinad through day 20 and 35, but whesmainedaboveday 0 values (Figure 14 The
placebogroupdemonstratedo increase in Cr levefsom day 0. Thes@ndings may suggest
that Cr stores increagéuring the traditional loading peri@hdslowly returredto baseline35
days later which are consistent with the findingsioftman et af® who showed that Cr levels

peak after loadingndslowly decline after day 35.
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Conclusion

Overall, our findings demonstrate that Cr loadahgnedoes not influence neuromuscular

function These finding support the wodf previous authors who reported no changes in

8,40,52,95,98,104 21,5590

isometric or isokinetic strengthfollowing Cr loading. The few studig&*'%
that have reported improvements in strength haveraehglyspeculated the possible undertyin
mechanisms. Thyusne of themaingoalsof this study was to address aflthesepossible
mechanismsghat may leado anincreasen muscle strength with GupplementatiarOur results
demonstrate that muscle activatiomjsclearchitecture, and Cakineticsmeasured indirectly
through twitch propertieeemained unchangetiring and followingCr loading Taking into
consideration the results of this study and the current body of liter@ui@eading alondnas
little influence ormeuromuscular parartegsthat may improvenuscularstrength.

A novel finding of this study was th&tr loading did not influencpassive ROM and
stiffness. Previous authors have measured active Ré@M stiffness?, separatelyand
reported alecrease iIROM andno change imctivestiffnessusing theoscillation techniquén
the plantar flexor muscleSculthrope et af speculatedhatanincrease inmusclesize as a
result of Cr loading would increaséffness and/or musckpindleactivity thereby reducing
active ROM. However,ur resultsdemonstratethatmuscle CSApassivestiffness andEMG
onset (an indirect assessment of spindle ag}iwhere not influenced by Cr loading. As a result
of this studyit appear<Cr loading does nahfluence neuromuscular components ihitience
flexibility . Previousresearch haspeculated that nesignificant results partially could be

contri betseod ntde kiseds pvosit Yreniasmieved that up to 30% of the

popul at i gespordes® fwvlhhom h have | imited Cr absorpti
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l ess than 10 mmol Lk § Hherefbrejtis possiblehat many dfeur Cr st or
participants wer@ n @ re s p o rhowevershd topic is stillnot well understood and warrants

more investigatiomising techniques to examine changes in muscle Cr levels
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TABLES

Table 1: The influence of Cr supplementation on neuromusculafunction

Authors Year |Journal Dosage Sample Testing Qutcome variables Result Explanation
. . I Evoked/volunteer PT, force |1PT with twitch, .
Med Sci 4 x5g-day x Cr8,PL: 8 Isokinetic veloclty relationship, PT at higher Increase in neuromuscular
Bazzucchi et al. 2009 moderately Elbow flex w/ . Sl . function attributed te an
= active males |Evoked twitch e e increase CA+ cycling rate
60,90,120,180, &240°s")  |all others e
. Cr:11,Pl: 8 Max force and time to .
. -1 ]
Bemben et al. 2001 Med Sci 4 x5g-day” x Healthy nen- Elbow flex/ext. MF.RFD, Impulse and % force < .m any Large.r muscles may not
Sport Exerc |5d . knee flex ext variables benefit
active males decrement
Deutekom et al 2000 Eur J Appl |4 x5g-day™ x Cr:”‘I:, I?'L:;2 Leg Cycle Erg Sfasuncycﬂe szr!nts, Isn_kmetlc <> in any No effect for Cr alone need
: Physiol 6d welltrained | 4 Knee ext |(180% s Jand isometric variables a training stimulus
rowers Strength
Cr.6,PL:6
Clinical 4 x5g-day” x |active 9 4 .
Greenhaff et al 1983 Science 5d males, 3 Leg ext PT(5x 30 at 180°- s™) 4 at all reps Cr phosphate resynthesis
females
IntJSport | .. [Cri11,PLi13 |Elbow flex. le of ;Tps by  Imore of a lower bod
Hamilton et al. 2000 |Nutr Exerc 2d graay X active Shoulder Int PT, Ecc PT, # of reps, 1 RM : th exors. effector y
Metab females Rot G ot
measure
EurJAppl |4 x5g-day’ x |~ "= % |Elbow flex MVC, EMG, % activation, HR,|€> In any
. . - ' s JO ] ]
Jakobi et al. 2001 Physiol 5d :::::re older wievoked twitch|RT variable More of a long term change
) i MVC, % activation, peak .
Jakobi et al. 2000 |Exp Physiol |+ <28°day-1x (Cr:7,PL:7 (Elbowflexw/ | o tro1 baif Relaxation | M 30 Cr does not affect
5d active males |evoked twitch | . . variable contractile properties
time, tensions, HRT
Int J Sport 4. |Cr: 11, PL: 11 s . . .
. 0.5g/kg-day” x|___. isokinetic leg ext./flex 5 at 4 power and J. in (Increase in ATP in type lI
Kambis et al. 2003 .
e e hNﬂl:traixerc 5d :::::res Leg extilex 60° s™'and 50 at 180°- s TTPT fibers
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Table2:The influence of Cr Supplementation on neuromuscul
Authors Year [Journal Dosage Sample Testing Qutcome variables Result Explanation
Cr: 10 healthy
- . A - . - .
Maganaris et al. 1998 Acta Physiol |2 x5g-day™ x males [15t e e Isu.metrlc MVC, submaximal |4 Max P'I.',.PT Neural c.lrlve, protein
Scand 5d " fatigue bouts pre repetition synthesis
days or 2™)
Cr:13,PL: 14 .
N . _-1 L]
Medeiros et al. 2010 Brazil J 4 x5g-day” x active Knee ext M\{C’ EMG.’ repeated bouts | TPT across trials resynthesis of ATP
Sports Med |6d of isometric tests and RMS
females
3x3g-day’ x o0 PLS | ogext,Dead |isokinetic (180°s™, dead lift | 1 RM, power |More availability of PCr and
Rousouw et al. 2000 |Nutr Res trained power | . ’ ’ ’ .
6d lifters Lift volume and Reps, <> PT |ATP resynthesis
Cr:6,PL: 6
e Med Sci 4 :e5§|-|:ia';|r'1 X L Plantar flex w/ |MVC, % Activation, PTF, . . Isometric may not be a good
Smith-Ryan etal. 2014 Sport Exerc |5d :::::res evoked twitch |RTD, HRT, M wave €3in any variable measure
Cr: 18, PL: 13
Stevenson et al 2001 J Strengh |4 xSQ-daf X |active (29 Knee ext MVC, RTD, T max, reaction |€inany systems tested don’t utilize
. Cond Res |7d males, 2 time variable PCr system
females)
Cr: 10 healthy
. A A A .
Urbanskietal.  |199g |INtJ Sport |4 x5g-day” x | ..o (4= five |Knee ext MVC, Time to fatigue MPT& TTF increase in protein
Nutr 5d nd synthesis
days or 2™)
Van Leemputte et J App 4 x5g-day-1x (Cr: 8, PL: 8 Elbow flex w/ . . . n
al. 1999 Physiol 5d active males |evoked twitch PT, contraction time, RT < PT, \\RT Increase in Ca+ uptake

ar

f un
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Table 3: The influence of Cr supplementation on ROM and stiffness

Author Year |Journal Dosage Population Testing Qutcome variables Result Explanation
Shoulder ROM, HIP ROM J Shoulder flex & Increase in ICW of
: a1 . . ’ ’
Scuthrope etal. (2010 ﬁ':':: :ﬂ:{::'l 2:59 =T :;iiz’ :lla-l.ezsﬂ Active ROM Knee flex, dorsiflex & platar |ext, dorsiflex € |asymmetric muscle cause
flex any other ROM |decreased ROM
J Strengh |4 x5g-day'1 x |Cr:9,PL: 11  |Jump height, Jump Height, PF, RFD, Active |€> in any Increase in ICW does not
Watsford et al. 2003 , ] , . .
Cond Res |7d active males |plantar flex stiffness variable increase stiffness
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Table 4: The influence of Cr supplementation on fluid distribution

males

Author Year [Journal Dosage Population Testing Outcome variables Result Explanation
. Cr:11,Pl: 8 . .
. 1 i =
Bembemetal.  |2001 |Med S¢i |4 xSgday x|y non- |BIS TBW, ICW, ECW € Inany e U
Sport Exerc |5d . variable measured day 10
active males
J Exerc 4 x5.26g-day™ |Cr: 10, PL: 10 (BlA-Heat Increase in ICW leads to
Kern etal. 2001 Physiol x 5d healthy males (related TBW T TBW changes
Cr16, PL: 16 .
: D20 & sodium
o . .
Power et al. 2003 |J Athl Train 5 xbg-day ' x (B males.&a bromide TBW, ICW ATBW, < ICW Cr osmotic properties, BIA &
7d females in - D20 had same results
dilution, BIA
each)
J Sports A . . i i
Weiss et al 2006 |Med Phys |2 *o9-day” x |Cr:12,PL:12 1g), TBW, ICW, ECW T in all variables |, motic Properties
Fit 5d healthy males ~1.5L
Ziegenfuss etal. |1998 L s 0-38g/kg of o mt ined |BIA TBW, ICW, ECW T TBW,ICW~ Plasma Na osmotic pressure
g : Physiol FFMx 3d crosstraine b 0.8L&> ECW P
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Table 5: Participant demographicsand amount of time per week exercisingmean = SD)

Age (yrs) Stature (cm)Mass (Kg) Aerobic training (hrs)Resistance training (hrs
Placebo (n=20) 20.3+2.1 176.9+6.4 74.1+7.2 2.1+1.8 2.8+2.2
Creatine (n=20) 20.4+2.3 176.1+5.8 70.7+5.6 2.8+1.8 2.1+1.8
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Table 6: Dependent variables (meanz SD) for all days

Day O Day 2 Day 4 Day 6 Day 20 Day 35
Mass (Kg) Pl 74.2+ 7.2 74.3+ 7.3 74.4+ 7.2 743+ 7.1 74.7+ 8.2 75.1+ 84
Cr 70.6% 5.6 70.6+ 6.1 71.1+ 5.9 71.5+ 5.8 71.6+ 6.1 71.8+ 6.3
Specific GravityPI( kpoxmBj )| 1.0+06 1.0+ 05 1.0+ 04 1.0+ 0.5 1.0+ 0.3
Cr 1.0+ 0.4 1.0+ 0.5 1.0+ 0.4 1.0+ 0.5 1.0+ 0.6 1.0+ 0.5
Fat Free Mass (Kg) Pl 60.6+ 6.3 60.8%+ 6.4 60.9+ 5.9 60.9+ 6.2 59.6+ 7.9 61.3+ 7.2
Cr 57.3+5.9 56.5+ 4.2 58.0+ 4.4 58.9+ 5.2 56.5+ 6.1 57.5+ 4.1
Fat mass (Kg) PI 13.3+ 4.4 13.3+ 4.9 13.5+ 5.0 13.7+ 5.8 14.8+ 6.1 15.0+ 5.6
Cr 13.6% 5.3 14.0+ 4.3 13.0+ 5.2 13.3+ 5.0 145+ 6.1 14.4+ 4.2
Total Body Water (L) Pl 443+ 46 445+ 4.7 44,6+ 4.3 44.6% 4.6 43.7+ 5.8 44.8+ 5.3
Cr 420+ 4.3 41.4+ 3.1 425+ 3.3 43.1+ 3.8 41.3+ 45 42.1+ 3.0
Extracellular Water (L) PI 18.3+ 1.6 18.2+ 1.9 18.2+ 1.6 18.3+ 1.7 17.6+ 3.0 18.5+ 2.2
Cr 172+ 15 17.0+ 1.4 175+ 1.5 17.8+ 1.6 17.5+ 1.5 17.3+ 1.4
Intracellular Water (L) Pl 26.0+ 3.5 26.4% 3.0 26.5+ 2.9 26.3+ 3.1 26.0+ 3.3 61.3+ 7.2
Cr 248+ 3.1 243+ 2.0 25.0+ 2.1 25.4+ 2.5 23.8+ 4.1 24.8+ 4.1
MG CSA (cm?) Pl 13.8+ 3.3 13.3+ 3.5 13.3+ 29 14.0+ 3.2 13.8+ 3.7 13.3+ 3.7
Cr 123+ 19 12.6+ 2.7 12.9+ 3.0 12.8+ 3.0 12.8+ 2.4 12.7+ 3.0
LG CSA (cm?) Pl 58+ 1.8 6.0+ 1.8 57+ 18 59+ 19 57+ 19 58+ 19
Cr 59+ 1.7 6.3+ 2.0 6.3+ 1.9 6.3+ 1.8 6.2+ 2.0 6.0+ 2.2
TA CSA (cm?) Pl 4.0+ 0.9 41+ 0.9 41+ 0.9 42+ 1.0 4.0+ 0.9 42+ 0.9
Cr 42+ 1.0 42+ 0.9 42+ 0.9 4.3+ 0.8 44+ 1.1 46+ 1.0
Fascicle length MG (mm) Pl 58+ 0.9 6.0+ 0.9 58+ 0.7 6.0+ 1.1 57+ 0.8 59+ 0.9
Cr 53+ 0.7 5.8+ 0.7 5.5+ 0.7 59+ 1.1 5.8+ 0.8 5.7+ 0.8
Fascicle length MG (mm) Pl 5.8+ 0.7 5.8+ 0.8 5.8+ 0.6 5.9+ 1.0 5.6+ 0.8 5.8+ 0.5
Cr 5.3+ 0.8 5.8+ 0.9 5.5+ 0.8 5.9+ 1.2 5.6+ 0.9 5.6+ 1.0
Pennation angle MG (°) Pl 19.8+ 3.8 18.3+ 3.7 20.3% 3.6 19.6+ 4.2 215+ 4.6 18.9+ 3.2
Cr 21.0%+ 35 19.5+ 3.7 21.1+ 3.6 20.7+ 3.4 19.7+ 3.6 20.6+ 3.6
Pennation angle LG (°) Pl 15.2+ 3.4 15.5+ 4.9 15.1+ 3.6 149+ 3.3 15.6+ 3.0 15.0+£ 2.2
Cr 15.6% 4.1 16.5+ 4.2 16.2+ 3.9 16.2+ 4.3 17.0%+ 2.9 14.9+ 3.4
Passive ROM (°) Pl 181+ 1.1 17.0+ 1.0 16.7+ 0.9 19.3+ 1.6 20.6+ 1.5* 225+ 1.2
Cr 20.0% 0.2 20.3+ 0.2 21.3+ 0.2 19.3+ 0.2 24.3+ 0.2 20.7+ 0.2
Active ROM (°) Pl 10.1t 4.8 9.2+ 54 8.8+ 5.2 8.3+ 4.6 8.2+ 4.4 8.6+ 4.7
Cr 137+ 6.1 11.5+ 4.9 12.1+ 7.0 12.2+ 7.4 10.7+ 7.8 10.7+£ 6.1
EMG onset (9) Pl 11.9+ 1.1 7.7+ 0.6 9.2+ 0.6 9.6+ 0.7 10.8+ 0.9 104+ 1.1
Cr 112+ 12 9.3+ 0.9 8.4+ 0.7 10.5+ 1.1 14.4+ 2.0 11.6+ 1.3
Realtive Stiffne®ls §O0dmIBUE|l )6.8+ 3.2 6.8+ 3.6 7.4+ 28 6.9+ 2.6# 7.6+ 3.1
Cr 58+ 3.1 6.3+ 3.3 5.8+ 2.7 7.0+ 29 8.1+ 2.6 7.2+ 22
Common Stiffness P( NBROIEN ) 6.8% 4.2 6.7+ 4.6 5.9+ 4.0 7.6+ 4.2 7.9+ 36
Cr 58+ 29 5.6+ 3.2 5.9+ 4.0 7.2+ 4.4 7.3+ 39 6.9+ 4.4

Pl placebo, Cr Creatine, MG medial gastrocnemius, LG lateral gastrocnemius, TA tibialis anterior, CSA cross sectional area, EMG electromyography, R
difference in

motion *P0O0. 05,

significant

PT with

day 20

>

day 6

f



29

Table 7: Dependent variables(man N SD) for al | days cont é.

Day 0 Day 2 Day 4 Day 6 Day 20 Day 35

lsokinetic PT 30U elr24£29.2 ( NIm9.7+ 20.5 | 119.3+ 27.8 | 114.8+ 20.5 120.5+ 19.2 123.1+ 22.2
Cr 111.5+ 23.6 112.9+ 30.9 | 113.0+ 21.0 | 112.0+ 24.5 118.3+ 23.0 121.3+ 21.8

Normalized EMG MG | Rl 3062904 c L|E .64 0A4) 0.9+ 0.9 1.0+ 0.9 0.6+ 0.5 11+ 11
Cr 0.9+ 0.8 0.9+ 0.8 1.0+ 0.8 0.9+ 0.6 0.8+ 0.7 15+ 15
Normalized EMG Sol PRPK B4aUB8edlLE6+201%) 2233 22+ 24 27+ 20 1.9+ 1.7
Cr 2.6+ 2.7 3.2+ 3.2 2.2+ 23 2.1+ 2.0 2.8+ 1.7 3.0+ 3.3

I sokinetic PT 90 WPt eGBEL7.8 ( NmM.0+ 13.8 715+ 194 71.4+ 16.2 75.6+ 11.1* 80.7+ 15.9

Cr 69.0+ 18.1 70.1+ 19.9 70.1+ 14.9 70.4+ 18.0 75.4+ 19.4 80.7+ 12.5
Normalized EMG MG | R 902326 c L|E .24 20) 1.0+ 0.9 1.1+ 10 0.7+ 05 12+11
Cr 1.1+ 1.3 1.1+ 1.3 1.1+ 0.9 1.1+ 0.8 0.9+ 0.8 14+ 14
Normalized EMG Sol PRPK ©5a08edlL Ed+12%) 1.2+20 12+ 17 2.2+ 3.8 1.2+1.3
Cr 1.7+ 1.7 1.4+ 1.3 1.1+ 0.9 1.3+ 15 20+ 19 1.7+ 25

Il sokinetic PT 12O0Rls 836+ E712 N6+ 17.5 57.3+ 17.0 56.5+ 13.1 68.6+ 9.8 64.3+ 11.7

Cr 582+ 125 58.1+ 17.6 57.9+ 16.6 59.2+ 20.0 69.5+ 14.2 65.1+ 15.9
Normalized EMG MG | IRl 12.8#)0e c|L BDI7+ 0.6%) 1.0+ 1.1 1.1+ 1.0 0.8+ 0.7 1.2+ 15
Cr 1.2+ 1.1 1.4+ 17 1.1+ 1.0 1.0+ 0.6 0.9+ 0.7 1.4+ 15
Normalized EMG Sol PIK 1.2+01s e|c U1.BX 0.9 %) 0.7+ 0.9 1.3+ 2.0 1.6+ 19 1.1+1.8
Cr 1.4+ 1.7 14+ 11 1.4+ 1.3 1.2+ 15 1.6+ 1.7 1.6+ 21

Isometric PT (Nm) Pl 119.3+ 26.1 114.7+ 26.9 | 111.3+ 27.1 | 107.4+ 25.3 111.2+ 30.3 95.9+ 21.1

Cr 116.2+ 28.0 109.1+ 34.1 101.1+ 42.3 | 105.6+ 28.3 106.5+ 32.3 103.8+ 27.8

% VA (%) Pl 89.8+ 10.8 90.0+ 12.1 85.3+ 14.3 88.4+ 12.8 83.7+ 16.2# 74.7+ 16.3#

Cr 954+ 5.6 90.2+ 12.1 92.1+ 15.1 87.1+ 14.2 84.7+ 17.4 83.5+ 14.5

RTD (NmbLsET) Pl 609.6+ 179.2 | 616.7+ 161.0 | 560.5+ 156.2 | 552.3+ 123.6 | 577.7+ 153.7 | 623.1+ 227.4
Cr 604.0+ 183.0 | 605.6+ 303.0 | 569.8+ 138.5 [ 570.1+ 217.3 | 589.8+ 211.1 | 605.5+ 205.7

Normalized MG EMG (%) Pl 1.3+ 1.0 1.3+ 10 14+ 20 1.2+ 18 1.3+ 12 11+1.4
Cr 12+ 11 1.2+ 1.1 1.2+ 1.0 1.1+ 0.9 1.3+ 0.9 0.9+ 0.8

Normalized Sol EMG (%) Pl 0.9+ 0.5 0.9+ 0.4 0.8+ 0.6 1.1+ 0.8 1.2+ 1.0 0.7+ 0.6
Cr 1.2+ 0.8 1.2+ 0.8 1.1+ 0.7 0.9+ 0.6 1.2+ 1.0 0.9+ 0.8

Twitch PT (Nm) Pl 224+ 6.8 224+ 6.8 23.9+ 6.6 249+ 6.1 27.3*+ 6.6 26.2+ 6.8

Cr 195+ 64 19.6+ 6.4 21.0% 5.8 22.5% 6.0 245+ 5.7 25.3£ 6.1

Twitch RTD ( NmL ®PIEB75.9+ 188.8 | 575.9+ 188.8 | 584.8+ 206.9 | 641.4+ 160.7 | 693.5+ 160.1 | 667.4+ 198.0
Cr 481.0+ 175.5 | 481.0+ 175.5 | 507.0+ 192.4 | 584.3+ 150.5 | 652.8+ 177.4| 646.2+ 168.0

HRT (sec) Pl 83.9+ 14.6 84.1+ 14.5 90.2+ 32.2 92.9+ 41.7 88.3+ 29.2 87.1+ 31.6
Cr 86.5+ 12.7 86.5+ 12.7 83.4+ 27.1 90.2+ 22.2 89.2+ 26.5 80.5+ 10.3

Pl placebo, Cr Creatine, PT peak torque,IK isokinetic, MG medial gastrocnemius, Sol soleus, EMG electromyography, RTD rate of torque development
*PO0. 05, significant difference in PT with day 20 > day 0 for both
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Table 8: Reliability statistics for the main dependent variables
ICC2,1 SEM %SEM P value
Isometric PT 090 7.06 5.93 0.16
|l sokinetic PTO780 (k18 dIBET 0.93
|l sokinetic PT0780 e QBET 0.74
| sokinetic PTO0.812 0903 e1828 E10.82

Passive ROM (°) 0.84 327 18.17 0.78
Active ROM (°) 0.88 1.99 16.58 0.09
Common Stiffness 0.88 1.61 20.38 0.34
% VA 0.83 598 6.64 0.71

CSA MG 0.88 157 11.38 0.33
Pennation angle MG 0.84 192 893 0.35
Fascicle length MG 0.76 0.627 10.63 0.46
Total Body Water 0.98 099 221 0.94
Intracellular Water 095 087 3.23 0.25
Extracellular Water 0.92 0.66 3.57 0.49
Twitch PT 0.87 3.03 11.10 0.08
HRT 0.94 7.2 1.75 0.06

PT peak torque, CSA crosssection area, ROM range of motion,
medial gastrocnemius, HRT half relxation time
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Table 9: Muscle creatine concentration determined by magnetic resonancpexctroscopy(mean = SD

Day 0 Day 2 Day 4 Day 6 Day 20 Day 35

Placebo 67.6+ 14.0 (mmolsp4.2+ 10.9 64.9+ 10.9 60.4+ 13.6 56.8.+9 .1 58.2+ 11.8
Creatine 68.9+ 11.2 87.6+18.6 72.6+ 11.8 76.6+ 10.0 73.5+ 9.8 73.3+ 3.9
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